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ABSTRACT
T h e  effec t  of ca ffe ine  inges t ion  u p o n  e n d u r a n c e  p e rfo rm a n c e  while 
walking a t  4 5 %  V02max in a  w arm  e n v iro n m en t  (27eC, 4 8 %  rh) w a s  e x a m in e d .  
Eight m o d era te ly  t ra in ed  s u b je c t s  ( a g e d  2 1 -2 5  y e a r s )  w a lked  on  a  treadmill on 
4  s e p a r a t e  o c c a s io n s  until e x h a u s t io n  u n d e r  4  d ifferent t r e a tm e n t  reg im en s .  
Tw o of th e  t r e a tm e n ts  c o n s is t e d  of ca ffe ine -con ta in ing  b e v e r a g e s ,  while th e  
o th e r  2 inc luded  n o n -ca ffe ine-con ta in ing  b e v e r a g e s .  O n e  h o u r  prior to  th e  
s ta r t  of e x e rc ise ,  th e  s u b je c t s  c o n s u m e d  a  G a to rP ro  drink with e i the r  5  m g/kg 
of caffe ine , if ca ffe ine  w a s  th e  r a n d o m iz e d  drink, o r  p la c e b o  (flour). At th e  s ta r t  
of e x e rc is e  a n d  e v e ry  half ho u r  until e x h a u s t io n ,  th e  s u b je c t s  c o n s u m e d  e ith e r  
2 .5  m g/kg of caffe ine  m ixed  in 150  ml of p la c e b o  (PC) o r  G a to ra d e  (GC), o r  
150  ml of p la c e b o  only (PO ) or G a to ra d e  only (GO), if t h e y  w e re  on  th e  
ca ffe ine  o r  non-ca ffe ine  trials, respec tive ly . T he  G O  t r e a tm e n t  significantly (p<
0 .05) in c re a s e d  t im e to e x h a u s t io n  by 14 .2 %  c o m p a r e d  to  P O  (G O = 2 5 1 .4  min, 
PO = 220 .1  min), a n d  w a s  a ls o  significantly g r e a te r  th a n  G C  (215 .9  min) a n d  
P C  (206 .0  min). No t re a tm e n t  d i f fe re n c es  w e re  fou n d  for p e r fo rm a n c e  
v a r iab le s ,  s u c h  a s  h e a r t  ra te , ty m p a n ic  te m p e ra tu re ,  a n d  w eigh t loss. 
Additionally, m ark e rs  for s u b s t r a te  utilization s u c h  a s  g lu c o se ,  R E R , a n d  FFA 
s h o w e d  no t re a tm e n t  d if fe rences .  T h e re  w e re  significant i n c r e a s e s  (p< 0 .05) 
for th e  caffe ine  t re a tm e n t  c o m p a r e d  to th e  non-ca ffe ine  t r e a tm e n t  for th e  o th e r  
s u b s t r a te  utilization m arke rs ,  g lu co se ,  lac ta te ,  a n d  trig lycerides. T h e  
ind ica to rs  of fluid lo ss  a n d  d e h y d ra t io n  s h o w e d  no t r e a tm e n t  d i f fe re n c e s  for 
N a+ , Cl“, hem atocri t ,  hem oglob in , a n d  p la s m a  vo lum e. T h e re  w a s  a  
significant in c re a s e  (p< 0 .05) for th e  non-ca ffe ine  t re a tm e n t  for K+ . T h e s e  d a ta  
s u g g e s t  th a t  d i f fe ren ces  in p e r fo rm a n c e  t im e s  b e tw e e n  th e  G C  a n d  P C  trials 
v e r s u s  th e  G O  trial w e re  not a  result  of intensity, fluid shifts, hypog lycem ia ,  o r
x
s u b s t r a t e  utilization. S u b je c t s  rep o r ted  s e r io u s  g a s t r ic  d i s t r e s s  during  th e  
ca ffe in e  trials. T h is  u n a n t ic ip a te d  a n d  p rev ious ly  u n re p o r te d  s id e  effec t m ay  
a c c o u n t  for th e  r e d u c e d  p e r fo rm a n c e  in t h e s e  trials a n d  m a y  h a v e  n e g a te d  
an y  e rg o g e n ic  e ffec ts  of ca ffe in e  during  p ro lo n g ed  s u b m a x im a l  e x e rc is e .
xi
CHAPTER 1: INTRODUCTION
T h e  c o n su m p t io n  of caffe ine  a s  a  b e v e r a g e  a n d  s t im u lan t  h a s  g a in e d  
th e  in te res t  of m an y  c o a c h e s ,  a th le te s  a n d  e x e rc is e  sc ien t is ts .  H ow ever, its 
e f f e c t iv e n e s s  a s  a n  e rg o g e n ic  a id  to e n h a n c e  a e ro b ic  e x e rc is e  r e m a in s  
con trovers ia l .  T h e  u s e  of th is  c o m p o u n d  h a s  b e e n  s h o w n  to e n h a n c e  (21, 33, 
47, 67) or h a v e  no  effect (7, 23, 24 , 53, 67, 130) e x e rc is e  p e rfo rm a n c e .
During p ro lo n g e d  e x e rc is e ,  th e  o n s e t  of e x h a u s t io n  is d e la y e d  if m u sc le  
g ly co g e n  is s p a r e d  (67). C affe ine  h a s  b e e n  s h o w n  to s t im u la te  f ree  fatty ac id  
(FFA) m obilization from th e  a d ip o s e  t is su e ,  th u s  d e m o n s t ra t in g  a  p o ss ib le  
g ly co g e n  s p a r in g  effect w hich m ay  a c c o u n t  for th e  e n h a n c e m e n t  of 
p e r fo rm a n c e  (47, 60, 67) a n d  th e reb y ,  m ay  be  t e rm e d  a n  e rg o g e n ic  aid.
T h e  resu l ts  of m an y  s tu d ie s  a r e  still equ ivoca l a s  to  th e  effec t of caffe ine  
a t  high in tens it ies  including its role in in c reas in g  FFA utilization. It is not 
u n d e rs to o d  w h e th e r  ca ffe ine  is a d v a n ta g e o u s  o r  de tr im e n ta l  u n d e r  low 
in tensity  e x e rc is e  cond it ions . To d a te ,  no r e s e a rc h  h a s  b e e n  re p o r te d  which 
s tu d ie d  th e  e ffec ts  of ca ffe ine  ingestion  during  low in tensity  e x e rc is e .  Ivy e t  al. 
(68) s h o w e d  th a t  g lycogen  sp a r in g  is im portan t  a t  a  low e x e rc is e  in tensity  of 
4 5 %  V02max. T h e  s u b je c t s  in the ir  s tu d y  in g e s te d  a  g lu c o s e  p o lym er  solution 
in 4 equa lly  d iv ided  d o s e s  a t  60, 90, 120, a n d  150 m in u te s  following th e  s ta r t  
of e x e rc ise .  This  feed ing  s tu d y  s h o w e d  th a t  th e  g lu c o s e  p o ly m e r  t re a tm e n t  
(299 .0  ±  9 .8  m inu tes)  significantly in c r e a s e d  tim e to  e x h a u s t io n  by 11 .5% , a s  
c o m p a r e d  to  a  control g ro u p  (268 .2  ±  11 .8  m inu tes) .
T h e  c la s s ic  s tu d y  exhibiting caffe ine  u s a g e  a s  a n  e rg o g e n ic  a id  w a s  
th a t  of Ivy e t al. (67). In th a t  study, s u b je c t s  w e re  continually  fed  caffe ine  (250 
mg total) a t  15 m inu te  in tervals  th ro u g h o u t  th e  e x e rc is e  b ou t  which 
significantly in c re a s e d  w ork  p roduction  by 7 .4 %  c o m p a r e d  to  th e  p la c e b o  
condition. All o th e r  e x p e r im e n ts  tha t  s tu d ie d  th e  e ffec ts  of caffe ine
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c o n su m p tio n  on  p e r fo rm a n c e  g a v e  th e  s u b je c t s  only 1 b o lu s  feed ing  of 
ca ffe ine  b e fo re  th e  s ta r t  of e x e rc ise ,  with only c a rb o h y d ra te  a n d /o r  w a te r  
c o n su m p t io n  during  th e  e x e rc is e  s e s s io n .  S in c e  th e  e x e rc is e  du ra t ion  of 
t h e s e  s tu d ie s  r a n g e d  from 2 0  m in u te s  to 2  hou rs ,  it is p o ss ib le  th a t  th e  
a fo re m e n t io n e d  equ ivoca l r e su l ts  on ca ffe ine  a s  a n  e rg o g e n ic  a id  m ay  b e  d u e  
to  a  failure of th e  r e s e a r c h e r s  to m ain ta in  a n  a d e q u a t e  s e ru m  ca ffe ine  level. 
Also, Falk e t al. (48) h a v e  s u g g e s t e d  th a t  e x e rc is e  p e r fo rm a n c e  of a  long 
du ra tion  (g re a te r  th a n  1 hour) a n d  low in tensity  ( le s s  th a n  6 0 %  V0 2 max). w h e re  
lipids play a  m ore  d o m in a n t  role a s  a  s o u rc e  of e n e rg y ,  will b e t te r  d e m o n s t r a te  
th e  e ffec ts  of caffeine. T he re fo re ,  s in c e  r e s e a rc h  h a s  s h o w n  th a t  g lu c o s e  
fe e d in g s  h a v e  a  beneficia l effec t u p o n  p e r fo rm a n c e  du ring  a n  e x te n d e d  walk 
a t  a  low level of intensity, a n d  c o n tin u o u s  reg u la r  f e e d in g s  of ca ffe ine  m ay  
im prove p e rfo rm a n c e ,  it is p o ss ib le  th a t  c o n t in u o u s  caffe ine  fe e d in g s  at 
reg u la r  in tervals  cou ld  he lp  low er c a rb o h y d ra te  re l iance  a n d  th u s  s e rv e  a s  an  
e rg o g e n ic  aid  to  low in tensity  w ork  p e rfo rm a n c e .
I. Project Rationale
S in ce  walking is p e rfo rm e d  by m an y  p e r s o n s ,  it is im portan t  to  s tu d y  
e x e rc is e  a t a  low intensity  level. W alking e x e rc is e  is e n c o u r a g e d  for o lder  
p e o p le  a n d  t h o s e  individuals w ho  a re  a t  a n  i n c r e a s e d  risk for hea lth  a n d  
c a rd io v a s c u la r  com plica t ions .  In addition to  walking, m a n y  p e o p le  a re  
involved in low intensity  w ork  activities s u c h  a s  law n m owing, g a rd e n in g ,  a n d  
h o m e  repair  during  th e  s u m m e r .  For o th e rs ,  s o m e  of t h e s e  activities s e rv e  a s  
a  s o u rc e  of e m p lo y m e n t  s u c h  a s  military p e rs o n n e l  on  fo rced  m a rc h e s ,  road  
a n d  cons truc tion  c rew s,  a n d  convic t t ra s h  co llec to rs . M any individuals inges t  
caffe ine  b e v e r a g e s  b e fo re  a n d /o r  during t h e s e  activities. It m ay  th e re fo re  b e  
beneficial to a t te m p t  to g e t  a  h igher  physio logica l p e r fo rm a n c e  by inges ting
drinks during  t h e s e  activities. T h is  benefit  m a y  o c c u r  th ro u g h  th e  c o n su m p tio n  
of w a te r ,  c a rb o h y d ra te ,  caffe ine , o r  a n y  of t h e s e  c o m b in e d .
II. Problem Statement
T h e  p u rp o s e  of th is  s tu d y  w a s  to e x a m in e  a n d  c o m p a r e  th e  e ffec ts  of 
ca ffe ine  a n d  c a rb o h y d ra te  f e e d in g s  on  p e rfo rm a n c e  tim e to  e x h a u s t io n  of an  
e x te n d e d  e x e rc is e  s e s s io n  a t  a  low in tensity  in a  w arm  env iro n m en t.
III. Hypothesis
C affe ine  h a s  b e e n  s h o w n  to i n c r e a s e  FFA m obilization a n d  th u s  s p a r e  
m u sc le  g lycogen . H e n c e ,  th e  following 3 h y p o th e s e s  w e re  t e s te d .
1. T h e  c o n s u m p t io n  of a  ca ffe ine -con ta in ing  b e v e r a g e  will i n c r e a s e  
p e rfo rm a n c e  tim e c o m p a r e d  to th a t  of a  p la c e b o  drink.
2. T h e  c o n s u m p t io n  of a  ca ffe ine -con ta in ing  b e v e r a g e  will resu l t  in 
a  s im ilar p e r fo rm a n c e  tim e c o m p a r e d  to a  c a rb o h y d ra te  drink.
3. T h e  c o n su m p t io n  of a  ca ffe ine  a n d  c a rb o h y d ra te  m ixed  
b e v e r a g e  will in c re a s e  p e r fo rm a n c e  t im e  w h e n  c o m p a r e d  to  e i th e r  a  p lac e b o ,  
c a rb o h y d ra te ,  o r  ca ffe ine -con ta in ing  b e v e r a g e  in g e s te d  s e p a ra te ly .
IV. Limitations
T h e  resu l ts  of th is  s tu d y  a re  not all e n c o m p a s s in g  a n d  th e re fo re  c a n  
only b e  ap p lied  to th e  population  te s te d .  T h e re fo re ,  th e  b o u n d a r ie s  of th e  
s tu d y  include  C a u c a s ia n  m a le s ,  b e tw e e n  th e  a g e s  of 21 to  25  y e a r s ,  with a n  
a v e r a g e  level of f itness . Also, th e  s tu d y  is limited to a  s ing le  env ironm en ta l  
condition, a  s ing le  work intensity, a n d  a  s ing le  caffe ine  d o s e  in a  specific  
a m o u n t  of c a rb o h y d ra te  fluid.
V. Definition of Terms
T h e  following list will identify t e r m s  u s e d  th ro u g h o u t  th is  tex t  th a t  a re  
specif ic  to this s tudy:
a v e r a g e  f i tn ess  level: V02max b e tw e e n  40  to  5 5  ml/kg body  
w e ig h t/m in u te  
du ra tion : length  of t im e  of walk 
e n d u r a n c e  p e r fo rm a n c e :  t im e to  e x h a u s t io n
e x h a u s t io n :  w h e n  th e  su b je c t  c a n  no lo n g e r  k e e p  up  with th e  s p e e d  of 
th e  treadmill o r  until volitional fa t igue  ( s e e  below ) 
m o d e r a te  ca ffe ine  d o s a g e :  5  m g /kg /body  w e ig h t/h o u r  
m o d e r a te  w orkload: 4 5 %  V02max
volitional fatigue: w h e n  th e  su b je c t  fee ls  h e  c a n  no  lo n g e r  c o n tin u e  th e  
e x e rc is e  bou t 
w arm  en v iro n m en t :  2 7 SC, 5 0 %  relative humidity
CHAPTER 2: REVIEW OF LITERATURE
I. Prolonged Aerobic Exercise
P ro lo n g e d  a e ro b ic  e x e rc i s e  involves  physica l  activities, s u c h  a s  
running  a n d  walking, th a t  u s e  o xygen  a n d  em p lo y  th e  m ajo r  m u sc le  g r o u p s  for 
a  du ra tion  of a t  lea s t  75  m inu tes .  T h e  a e ro b ic  m etabo lic  s y s te m  invo lves  th e  
oxidation of s u b s t r a t e s  in th e  m itochondria  to provide  e n e rg y .  G lu c o s e ,  fatty 
a c id s ,  a n d  am in o  a c id s  a r e  oxid ized  to  r e l e a s e  t r e m e n d o u s  a m o u n t s  of e n e rg y  
th a t  a r e  u s e d  to  c o n v e r t  a d e n o s in e  m o n o p h o s p h a te  (AMP) a n d  a d e n o s i n e  
d ip h o s p h a te  (ADP) to a d e n o s in e  t r ip h o s p h a te  (ATP) (98).
In creas ing  m u sc le  w ork  ou tpu t i n c r e a s e s  th e  c o n su m p t io n  of o xygen . 
During p ro lo n g e d  a e ro b ic  e x e rc is e ,  th e  la rg e  m u sc le  g ro u p s  a r e  primarily 
involved, th u s  th e  m u sc le  b lood  flow in c r e a s e s  d ram atica l ly  during  e x e rc is e  
c o m p a r e d  to  rest. T he  m u sc u la r  b lood flow c a n  in c r e a s e  to  a  m ax im um  of 
a b o u t  25-fold (81, 88). T h u s ,  with sh u n tin g  of b lood  from o th e r  r e g io n s  s u c h  
a s  sp la n c h n ic ,  renal, a n d  skin , th e  in c re a s e  in o xygen  delivery  to  th e  working 
m u s c le s  re q u i re s  d ila ted  m u sc le  b lood v e s s e l s ,  th e re b y  in c re a s in g  v e n o u s  
return  a n d  c a rd ia c  output. T h e  w ell- tra ined  a th le te  c a n  in c r e a s e  c a rd ia c  
o u tp u t  a b o u t  6-fold (81); how ever ,  for this to  occur, h e a r t  ra te  a n d  s tro k e  
v o lu m e  m u st  in c re a s e .  T h u s ,  e n d u ra n c e  p e r fo rm a n c e  m ainly d e p e n d s  on  th e  
c a rd io v a s c u la r  s y s te m  d u e  to it be ing  th e  m ost  limiting link in th e  delivery  of 
a d e q u a t e  o x y g e n  to th e  ex e rc is in g  m u sc le s .  During e x e rc is e  a p p ro a c h in g  
m axim al levels, both th e  h e a r t  ra te  a n d  s tro k e  vo lu m e  a re  i n c r e a s e d  to  a b o u t  
9 5 %  capac i ty .  T he re fo re ,  a t  th e  m ax im um  w o rk lo ad s  pu lm onary  ventila tion is 
only a b o u t  6 5 %  of m axim um , a n d  th e  c a rd io v a s c u la r  s y s te m  is norm ally  a  
limiting s y s te m  on VC>2max (63).
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T h u s ,  a s  ind ica ted  a b o v e ,  th e re  a r e  m a n y  fac to rs  which in fluence  
p ro lo n g e d  e x e rc ise .  T h e  re m a in d e r  of th is  se c t io n  will e x a m in e  th e  role of 
e a c h  of t h e s e  e le m e n ts  in m o re  detail.
A. Substrate Utilization
At th e  o n s e t  of e x e rc is e ,  ATP is split into A D P a n d  ino rgan ic  p h o s p h a te  
to  p rov ide  e n e rg y  for m u sc u la r  c on trac tion . T h e  level of ATP is limited a n d  
th e re fo re  m u s t  b e  r e s y n th e s iz e d  a t le a s t  a t  th e  s a m e  ra te  a s  it is utilized for 
work  to  con tinue . This  c a n  b e  a c h ie v e d  th rough  (a) th e  oxidation  of 
c a rb o h y d ra te  or fat to  c a rb o n  dioxide a n d  w ater,  (b) lac ta te  form ation , a n d  (c) 
th e  b re a k d o w n  of high e n e rg y  p h o s p h a te  c o m p o u n d s ,  mainly 
p h o s p h o c re a t in e .  During p ro lo n g e d  e n d u r a n c e  e x e rc is e ,  e n e rg y  is d e r iv e d  
m ainly  th ro u g h  th e  oxidative  p r o c e s s e s .  An e leva tion  in A D P a n d  AM P will 
ac t iv a te  all th e  different p a th w a y s  for ATP re s y n th e s is ,  s u c h  a s  g ly co g en o ly s is  
a n d  glycolysis, but th e  d e g r e e  of activation a t  a  ce rta in  A D P-A M P level will 
v a ry  b e tw e e n  th e  different p r o c e s s e s .  At low in tens it ies  th e  i n c r e a s e  in A D P 
a n d  AM P in th e  con trac t ing  m u sc le  ce lls  will b e  low a n d  ATP r e s y n th e s i s  
a c h ie v e d  mainly th rough  th e  ae ro b ic  p a th w a y s .  A s th e  in tensity  of e x e rc is e  
e le v a te s ,  th e  in c r e a s e  in A D P-A M P will b e  larger, a n d  g r e a te r  lac ta te  
form ation  a n d  g r e a te r  p h o s p h o c re a t in e  b re a k d o w n  will o c c u r  in add it ion  to  th e  
ox idative  p r o c e s s e s  (106).
G lu c o s e  is th e  prim ary  s o u rc e  for c a rb o h y d ra te  m e ta b o lism  by ac tive  
sk e le ta l  m u sc le s .  G lu c o s e  c a n  orig inate  from e ithe r  m u sc le  g ly co g en  o r  from 
th e  g lu c o s e  ta k e n  up from th e  blood. During high in tensity  phys ica l  activity, 
g ly co g en  is th e  s u b s t r a te  of c h o ice  (4, 19). During low in tensity  e x e rc is e ,  l e s s  
th a n  3 0 %  VC>2max, b lo o d -b o rn e  FFA a n d  in tra m u sc u la r  t r ig lycerides  
c o n tr ib u te s  a b o u t  7 5 %  of th e  e n e rg y  c o n s u m e d  (4, 19). At m o d e r a te  e x e rc ise ,  
40  to  6 0 %  V02max. fat a n d  c a rb o h y d ra te  con tr ibu te  a b o u t  eq u a l  a m o u n t s  of
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e n e rg y  (4, 19). T h e  proportion  of th e  oxidative m eta b o lism  th a t  is c o v e re d  by 
b lo o d -b o rn e  g lu c o s e  during  e x e rc is e  a t  l e s s  th a n  6 0 %  VC>2max i n c r e a s e s  
g radua lly  with th e  dura tion  of work a n d  a m o u n ts  to  3 5  to  4 0 %  afte r  9 0  to  120 
m in u te s  of work (4, 19, 106). At in tensit ies  g r e a te r  th a n  6 0 %  V02max, th e  rate  
of g ly co g en  utilization is high, a n d  th e  en tire  m u sc le  g ly co g en  c o n te n t  m a y  b e  
d e p le te d  in certa in  m u sc le  fiber ty p e s  (19, 106). At in tens it ie s  g r e a t e r  th a n  
7 5 %  V02max. c a rb o h y d ra te  is th e  p red o m in an t  fuel s o u r c e  (19). T h e  ra te  of 
g lu c o s e  u p ta k e  by working ske le ta l  m u sc le  is m a tc h e d  by a  s im ilar r e l e a s e  
from th e  liver th a t  is d e r iv e d  from both  g ly co g en o ly s is  a n d  from 
g lu c o n e o g e n e s i s .  T h e  ra te  of he p a t ic  g lycogen  b re a k d o w n  m a y  in c r e a s e  5 
t im e s  a b o v e  th e  b a s a l  level, a n d  a s  m uch  a s  5 0 %  of th e  h e p a t ic  g ly co g e n  m ay  
th e re fo re  b e  m obilized during  1 hour  of s t r e n u o u s  e x e rc is e  (106). Long-term  
e x e rc is e  m ay  th u s  result  in a  d ep le t ion  of liver a n d  sk e le ta l  m u sc le  g ly co g en  
a n d  in s o m e  in s ta n c e s  hypog lycem ia ,  which cou ld  im pair  th e  work c a p a c i ty  
th ro u g h  a n  effect on  th e  cen tra l  n e rv o u s  s y s te m  (106), w hich re lies  on  
a d e q u a t e  a m o u n ts  of g lu c o s e  for norm al function (19).
T h e  g lycogen  c o n c e n tra t io n  of ske le ta l  m u sc le  of individuals 
c o n s u m in g  a  m ixed  diet is a b o u t  80  mmol of g lu cose /k ilog ram  (kg) w e t  m u sc le  
o r  a b o u t  15 g ra m s  g lycogen /kg  m usc le .  With sk e le ta l  m u sc le  re p re s e n t in g  
a b o u t  4 0 %  of body  weight, a n  80  kg p e r s o n  would  s to re  4 8 0  g r a m s  of 
g ly co g e n  in ske le ta l  m u sc le ,  o r  a b o u t  2 0 0 0  kilocalories. T h e  g ly co g e n  
co n c e n t ra t io n  in sk e le ta l  m u sc le  a t  res t  d e p e n d s  u p o n  th e  a th le te ’s  im m ed ia te  
p a s t  history relative to diet, e x e rc ise ,  a n d  s ta t e  of training. M uscle  g ly co g en  is 
a  limiting fac to r  in p ro lo n g ed  e x e rc is e  b e c a u s e  it is s to r e d  in limited a m o u n ts  
a n d  utilized rapidly a s  in tensity  i n c r e a s e s  (57). As activity in c r e a s e s ,  ex te rna l  
s o u r c e s  of c a rb o h y d ra te  c a n  he lp  prolong th e  in tensity  a n d  du ra t ion  of th e  
work bout. T he  addition of e x o g e n o u s  g lu c o s e  into th e  b lo o d s t r e a m  c a n
re ta rd  th e  ra te  of g ly co g e n  dep le tion  of liver a n d  sk e le ta l  m u sc le  during  
ex e rc ise ,  m ain ta in  p l a s m a  g lu c o s e  levels, a n d  d e la y  th e  o n s e t  of fa t igue  (37, 
38, 64, 67, 84).
T h e  role of am in o  a c id s  a s  a n  e n e rg y  s u b s t r a t e  during  e x e rc is e  h a s  
p o ss ib le  benefi ts  in th e  form of (a) c o n v e rs io n  of a m in o  a c id s  to  citric ac id  
cyc le  in te rm e d ia te s  to s u p p o r t  th e  oxidation of fat a n d  c a rb o h y d ra te  de r ived  
acetyl-coA , (b) g e n e ra t io n  of c a rb o n  s k e le to n s  for g lu c o n e o g e n e s i s ,  a n d  (c) 
th e  direct oxidation of am in o  a c id s  within m u sc le  to  p r o d u c e  ATP. It h a s  b e e n  
e s t im a te d  th a t  protein  oxidation  a c c o u n t s  for b e tw e e n  4 to  10%  of th e  caloric  
c o s t  of 1 hour of e x e rc is e  a t  6 0 %  V02max a n d  a b o u t  3 %  of th e  total k ilocalories 
e x p e n d e d  during  4 h o u rs  of treadmill e x e rc ise .  T h e re fo re ,  u n d e r  norm al 
cond it ions , th e  contribution of am ino  a c id s  to  th e  total ox idative p r o c e s s  of 
m u sc le  is sm all w h e n  g ly co g en  s to r e s  a re  high a n d  d o e s  not i n c r e a s e  in 
proportion to th a t  of fat a n d  c a rb o h y d ra te  during e x e rc is e  (57). T h u s ,  it is 
doubtful th a t  am in o  a c id s  a r e  a  limiting fac to r  during  p ro lo n g e d  e x e rc i s e  (119).
T h e  m ajor  s to r a g e  fuel in h u m a n s  is fat, which is c o m p o s e d  of 
triglyceride m o le c u le s  a n d  s to re d  in a d ip o s e  t is su e .  In th e  a d ip o s e  t is s u e ,  fatty 
a c id s  a re  c o m p le x e d  to glycerol to form neutra l fats , a ls o  know n a s  
trig lycerides. A d ipose  t i s s u e  w hich is widely d is tr ibu ted  th ro u g h o u t  th e  body, 
is c o m p o s e d  of a d ip o cy te  cells . E a c h  a d ip o c y te  c o n ta in s  a  la rge  d ro p le t  of 
triglyceride th a t  o c c u p ie s  a b o u t  9 0 %  of th e  vo lu m e  of th e  cell. Within the  
ad ipocy te ,  th e  trig lycerides  a re  a  relatively und ilu ted  s to re  of e n e rg y  (106).
T h e  a m o u n t  of e n e rg y  s to re d  in m u sc le  fibers  a s  trig lycerides  is r a th e r  sm all a s  
c o m p a r e d  to  g lycogen , rang ing  from 7 -25  p m o l/g ram  w et m usc le .  Highly 
oxidative fibers  how ever , p o s s e s s  m ore  s to r e d  lipid v e r s u s  low oxidative  
fibers, a n d  lipid s to r a g e  m ay  in c r e a s e  with training (57).
Lipid m obilization du ring  e x e rc is e  is re g u la te d  by a n  in c r e a s e d  b a la n c e  
b e tw e e n  stim ula tion  a n d  inhibition of a  h o rm o n e -se n s i t iv e  trig lyceride l ipase , 
w hich hy d ro ly zes  t r ig lycerides  to  FFA a n d  g lycerols . T h e  s y m p a th e t ic  n e rv o u s  
s y s te m  is th e  m ain  stim ulating fac to r  for lipolysis a n d  insulin (an d  p e r h a p s  
lac ta te )  th e  m ain  inhibitor (14). T h e  activation of lipolysis by th e  sy m p a th e t ic  
n e rv o u s  s y s te m  is m e d ia te d  by 13-adrenergic m e c h a n is m s  a t th e  ce llu la r  level. 
A s  a  result, FFA a n d  free  glycerol m o v e  from a d ip o s e  t i s s u e  to th e  
b lo o d s t re a m  a n d  is t ra n s p o r te d  th ro u g h o u t  th e  body. In sp ite  of 
c o u n te r re g u la to ry  fac to rs , s u c h  a s  insulin, lipolysis is r e g u la te d  during  
e x e rc is e .  Th is  regula tion  o p e r a t e s  a t a  level th a t  p ro v id e s  a n  e le v a te d  s u p p ly  
of e n e rg y  s u b s t r a te  to th e  working m u sc le  (14). T h e  rela tive contribu tion  th a t  
fat c a n  m a k e  to th e  e x e rc is e  m etabo lism  d e p e n d s  u p o n  th e  in tensity  a n d  
du ra t ion  of th e  e x e rc is e  a n d  th e  a th le te 's  m itochondrial ox idative  c ap ac i ty .  As 
p rev iously  m en tioned , w h e n  th e  in tensity  in c r e a s e s ,  th e  relative contribu tion  
th a t  fat m a k e s  to  m eta b o lism  b e c o m e s  less .  In all c a s e s ,  th e  lo n g er  th e  
e x e rc is e  is s u s ta in e d ,  th e  g r e a te r  is th e  contribution of fat to  th e  m eta b o lism  
(57).
A s m e n t io n e d  a b o v e ,  th e re  is very  little lipid s to re d  within ske le ta l  
m usc le ,  a n d  th e re  is a  c o n s id e ra b le  tim e lag (abou t  2 0  to  30  m inu tes )  b e tw e e n  
th e  o n s e t  of e x e rc ise ,  lipolysis of trig lyceride in a d ip o s e  t is s u e ,  a n d  th e  r e l e a s e  
of FFA into th e  p la s m a .  T h e  proportion of c a rb o h y d ra te  utilized i n c r e a s e s  with 
th e  in c r e a s e  in m etabo lic  rate , a n d  in c r e a s e s  fu rther  a s  th e  m axim al c a p ac i ty  
for o x y g en  t ra n sp o r t  is a p p r o a c h e d  (45).
B. Fatigue/Lactate
F atigue , e x h a u s t io n ,  o r  th e  inability to  m ain ta in  a  given e x e rc is e  
in tensity  during p ro lo n g e d  e x e rc is e  is not th e  resu lt  of a  s ing le  factor. F a t ig u e  
m ay  b e  d u e  to (a) accu m u la t io n  of lac ta te  in th e  m usc le ,  (b) d ep le t ion  of
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p h o s p h o c re a t in e  in th e  m u sc le ,  (c) d ep le t io n  of g ly co g en  in th e  m u sc le ,  (d) 
lo w ered  b lood  g lu co se ,  a n d  (e) in c r e a s e d  p l a s m a  a n d  b lood  a m m o n ia  leve ls  
(90). It h a s  b e e n  s p e c u la te d  th a t  o th e r  po ten tia l fac to rs  of fa tigue  s u c h  a s  
ca lc ium  ac cu m u la t io n  in m itochondria , cen tra l  n e rv o u s  s y s te m  dysfunc tion , 
a n d  m itochondria l uncoup ling  of ox idative p h o sp h o ry la t io n  m ay  not b e  
im portan t  during  p ro lo n g e d  s u b m a x im a l  e x e rc i s e  (61).
During s u s ta in e d  e x e rc is e  a t low or m o d e ra te  in tensit ies ,  th e  ra te  of 
p y ru v a te  oxidation is s im ilar to  th e  ra te  of glycolysis. At th e  low o r  m o d e ra te  
intensity, lac ta te  accu m u la t io n  is not a  critical factor. H ow ever ,  a t  h igher  
in tens it ie s  th e  ca ta b o lism  of c a rb o h y d ra te  is incom ple te ,  a n d  lac ta te  is fo rm ed  
a n d  a c c u m u la te s  in th e  b o d y  fluids.
W h e n  th e  e x e rc is e  is p e rfo rm e d  at s u b m a x im a l  intensity , ox idative 
e n e rg y  s y s te m s  in th e  m itochond r ia  of th e  m u s c le s  will b e  a c t iv a te d  within 
m in u tes  a n d  th e  n e e d  for rapid  g lycolysis will b e  d im in ished . T h e  ra te  of 
lac ta te  rise in th e  b lood  will th e n  a lso  d im inish , a n d  b lood  lac ta te  
c o n c e n tra t io n  m ay  ac tua lly  d ec line  (17). Th is  de c l in e  is d u e  to g lu c o n e o g e n ic  
p a th w a y s  which u s e  lactic ac id  a s  a  s o u rc e  of e n e rg y  a n d  a  building block  for 
b lood  g lu c o s e  a n d  liver g ly co g en  (17, 18).
T h e  d ep le t ion  of p h o s p h o c re a t in e  is a ls o  not ve ry  likely to  b e  th e  m ain  
s o u rc e  of fa tigue  during e n d u r a n c e  e x e rc ise .  A slight b r e a k d o w n  of 
p h o s p h o c re a t in e  o c c u rs  a t  low e x e rc is e  in tens it ie s  (40%  or  lower) (106).
During p ro lo n g e d  e x e rc is e  of low o r  m o d e ra te  intensity , th e  d ep le t io n  of 
m u sc le  g lycogen  is often  a s s o c i a te d  with th e  o n s e t  of e x h a u s t io n .  T h is  fa tigue  
c a n  o c c u r  in sp ite  of th e  e x is te n c e  of fairly high leve ls  of g lu c o s e  a n d  FFA in 
th e  b lood. During e x e rc ise ,  th e  g e n e ra t io n  of g lu c o s e  o c c u rs  from lac ta te ,  a  
reac tion  occurr ing  principally in th e  liver. Th is  g lu c o s e  p roduction
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(g lu c o n e o g e n e s i s )  is a s s o c i a t e d  with a n  i n c r e a s e d  u p ta k e  of lac ta te ,  py ruva te ,  
a la n in e ,  a n d  glycerol by th e  liver (18).
T h e  cen tra l  n e rv o u s  s y s te m  h a s  a  low g ly co g e n  c o n te n t  a n d  th e re fo re  
d e p e n d s  to  a  la rge  e x te n t  on  b lood  g lu c o s e  for its s o u r c e  of e n e rg y .  A bout 
6 0 %  of he p a t ic  g lu c o s e  o u tp u t  s e r v e s  a s  a n  e n e rg y  s u b s t r a t e  for th e  brain.
During p ro lo n g e d  e x e rc is e  th e re  is a  significant utilization of g lu c o s e  in th e  
exe rc is ing  m u s c le s  c a u s in g  blood g lu c o s e  leve ls  to  fall. If th is  o c c u rs ,  a  rapid 
fall in b lood  g lu c o s e  leve ls  cou ld  resu lt  in s e v e r e  s y m p to m s  of h y p o g ly cem ia  
(4). O n c e  th e  a th le te  is hypoglycem ic , fa tigue  o c c u rs  rapidly. Th is  in c r e a s e d  
re l ian ce  on  g lycogen  utilization by th e  m u sc le  re su l ts  in a  m o re  rapid 
d e g ra d a t io n ,  which is c o rre la te d  with a  s h o r te r  e n d u r a n c e  tim e (30).
C. Cardiovascular System and Oxygen Uptake
O n e  of th e  m ajo r  func t ions  of th e  c a rd io v a s c u la r  s y s te m  is to  su p p ly  
t i s s u e s  a n d  o r g a n s  co n tin u o u s ly  with o x y g e n  a n d  e n e rg y  s u b s t r a t e s .
M axim um  h e a r t  ra te  is bas ica lly  u n a l te re d  with training, a s  is arteria l  o x y g en  
co n te n t .  T hus ,  s t ro k e  v o lu m e  is c o n s id e re d  th e  fac to r  th a t  d e te r m in e s  th e  
o x y g e n  delivery  a n d  o x y g e n  u p ta k e  (107).
G r e a te r  utilization of th e  o x y g en  t r a n s p o r te d  by th e  b lood  is 
a c c o m p l i s h e d  by th e  redistribution of b lood  flow during  e x e rc i s e  s o  th a t  
sk e le ta l  m u sc le s ,  with the ir  p ro n o u n c e d  ability to  ex trac t  o x y g e n ,  m ay  rec e iv e  
80  to 8 5 %  of th e  c a rd ia c  ou tpu t  a s  c o m p a r e d  with 15%  at rest. In addition, th e  
o x y g e n  d isso c ia t io n  c u rv e  is sh if ted  s o  th a t  m o re  o x y h em o g lo b in  is r e d u c e d  
th a n  norm al a t  a n y  given partial p r e s s u r e  of o x y g en  (B ohr effect) (4).
During p ro lo n g e d  e x e rc is e ,  th e  hea r t  e i th e r  d e l iv e rs  a d e q u a t e  b lood 
flow to both m u s c le s  a n d  skin or, if th e  c o m b in e d  d e m a n d  for flow e x c e e d s  th e  
h e a r t 's  c ap ac i ty  to deliver, o n e  or both  of t h e s e  o r g a n s  b e c o m e s  increas ing ly
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c o m p ro m is e d .  In this in s ta n c e  e x e rc is e  will b e  limited to  a  s h o r te r  pe riod  a n d  
p e rfo rm a n c e  will b e  d e c r e a s e d .
During th e  initial m in u te s  of e x e rc is e  th e re  is a  d e fic iency  in o x y g e n  
c o n s u m p t io n  while th e  b lood  flow i n c r e a s e s  to  a  level a d e q u a t e  to  m e e t  th e  
o x y g e n  d e m a n d  of th e  t i s s u e s  ("s teady-s ta te" ) .  Th is  s lo w  in c r e a s e  in o x y g en  
u p ta k e  a t  th e  beg inn ing  of e x e rc is e  c a n  b e  e x p la in ed  by  th e  s lu g g ish  
a d ju s tm e n t  of resp ira tion  a n d  circulation.
W hile exerc is ing , w ell- tra ined  p e r s o n s  m ay  walk  o r  run for a b o u t  1 hou r  
with a n  o x y g en  u p tak e  a t ap p ro x im ate ly  5 0 %  V02max- m ain ta in ing  th e  o x ygen  
u p tak e ,  h e a r t  rate , a n d  c a rd ia c  ou tpu t  a t  a b o u t  th e  s a m e  level a s  a t ta in e d  after  
5 m in u te s  of e x e rc ise .  T h e  lac ta te  c o n c e n tra t io n  in ac tive  m u s c le s  and in th e  
arterial b lood  is not e le v a te d  which is indicative of s te a d y - s t a t e  activity. U pon 
in c re as in g  e x e rc is e  du ra t ion  at th e  s a m e  intensity, th e re  is a  p ro g re s s iv e  rise 
in o x y g en  u p ta k e  a n d  h e a r t  rate, a n d  th e  su b je c t  ev en tu a lly  b e c o m e s  fa t igued  
(4).
T h e  w ell- tra ined  a th le te  c a n  m ain ta in  a  s te a d y - s t a te  a t  g r e a t e r  t h a n  
5 0 %  VC>2max> which in d ic a te s  a  m o re  efficient o x y g en  t ra n s p o r t  a n d  o x y g e n  
a n d  s u b s t r a te  utilization in th e  ac tive  m u sc le s .  M ara thon  r u n n e r s  for e x a m p le ,  
c a n  e x e rc is e  for se v e ra l  h o u rs  a t  70  to  8 0 %  VC>2max with little o r  no  e leva tion  in 
b lood  lac ta te  c o n c e n tra t io n  (4).
D. Temperature Homeostasis
T h e  ra te  of h e a t  flux from a n y  body  t i s s u e  is a  function of th e  
t e m p e ra tu re  g rad ie n t  b e tw e e n  th e  t i s s u e  a n d  th e  incom ing  b lood, a n d  th e  ra te  
of b lood flow th rough  th e  t is su e .  T h e  t e m p e ra tu re  of th e  t i s s u e  is r e la te d  to  th e  
ra te  of t i s s u e  m etabo lism  (88).
During m o d era te ly  h e a v y  activity, th e  ra te  of h e a t  p roduction  in ske le ta l  
m u sc le  c a n  b e  e le v a te d  100-fold. T h u s ,  im m edia te ly  a f te r  th e  o n s e t  of
e x e rc is e  th e  ra te  of h e a t  production  g rea tly  e x c e e d s  th e  r a te  of h e a t  lo ss  from 
th e  m u sc le ,  resulting in a  rap id  rise in m u sc le  t e m p e ra tu re .  H e a t  is th e n  
t r a n s fe r re d  d ow n  th e  te m p e ra tu re  g rad ien t  from th e  ac tive  m u sc le  to th e  b lood  
a s  th e  b lood  p a s s e s  th ro u g h  th e  m u sc le  capillaries . As m u sc le  b lood  flow 
i n c r e a s e s  a n d  th e  t e m p e ra tu re  g rad ie n t  r e v e r s e s ,  t h e  ra te  of r ise in m u sc le  
t e m p e ra tu re  d e c r e a s e s  until a  n e w  b a la n c e  b e tw e e n  h e a t  p roduction  a n d  h e a t  
t r a n s fe r  o c c u rs  a n d  m u sc le  te m p e ra tu re  b e c o m e s  s t e a d y  a t  a n  e le v a te d  level. 
M ost of th e  m etabolically  g e n e r a te d  h e a t  is t ra n s fe r re d  to  th e  b o d y  c o re  by 
co n v ec t io n  in th e  v e n o u s  blood, a lthough  s o m e  of th e  h e a t  t r a n s fe r  from th e  
m u sc le  o c c u rs  by c o n d u c tio n  th rough  th e  t i s s u e s  to  th e  overly ing skin (88).
T h e  prim ary  m e a n s  for d iss ipa ting  h e a t  p r o d u c e d  during  e x e rc is e  is by 
th e  e v a p o ra t io n  of s w e a t .  T h e  rate  of sw e a tin g  is highly v a r iab le  a n d  c a n  
e x c e e d  2 li ters /hour for p ro lo n g ed  pe riods ,  a n d  is i n c r e a s e d  in p roportion  to 
th e  work rate , th e  env ironm en ta l  te m p e ra tu re ,  a n d  th e  hum idity  (121).
T h e  th e rm al  load  of th e  body  is e v a lu a te d  a n d  re g u la te d  by th e  
t e m p e ra tu re  regu la to ry  m e c h a n is m  lo ca ted  in th e  h y p o th a la m u s .  Th is  
regu la to ry  s y s te m  s e n s e s  te m p e ra tu re  a n d /o r  t e m p e ra tu re  c h a n g e  a n d  d irec ts  
e ffe ren t r e s p o n s e s  th a t  a c t  to in c re a s e  th e  ra te  of skin b lood  flow a n d  th e  ra te  
of s w e a t  s e c re t io n  a n d  th e re b y  a t te m p ts  to r e s to re  th e  initial th e rm al  
cond it ions .  T h e  th e rm al  s e n s o r s  in th e  h y p o th a la m u s  r e s p o n d  to  i n c r e a s e d  
te m p e ra tu re ,  a n d  th e  regu la to ry  c e n te r  d irec ts  e ffe ren t neu ra l  traffic to  th e  h e a t  
d iss ipa tion  o rg a n s .  As in ternal t e m p e ra tu re  r ises , th e  th re s h o ld  te m p e ra tu re  
for c u ta n e o u s  vasod ila tion  a n d  the  o n s e t  of s w e a t in g  a r e  s u r p a s s e d ,  a n d  th e  
skin b lood  flow a n d  sw e a tin g  ra te  i n c r e a s e s  in proportion  to  th e  in c r e a s e  in 
body  c o re  te m p e ra tu re .
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E. Fluid and Electrolyte Balance
P ro lo n g e d  e x e rc is e  le a d s  to a  p ro g re s s iv e  w a te r  a n d  e lec tro ly te  lo ss  
from  th e  body. It is c o n c e iv a b le  tha t  th e  e lec tro ly te  b a la n c e ,  th e  K +/N a+ ratios 
for e x a m p le ,  a c r o s s  th e  m u sc u la r  cell m e m b r a n e  m ay  b e  d i s tu rb e d  during  
p ro lo n g e d  exe rc ise ,  a n d  th a t  th e  e n z y m e  s y s te m s  m ay  b e  a l te re d  (132). 
S o d iu m  a n d  ch loride  a r e  th e  chief m inera ls  in th e  b lood  p l a s m a  a n d  
ex trace l lu la r  fluid, a n d  K+ is th e  prim ary in tracellu lar  m ineral. A m ajo r  function 
of t h e s e  e lec tro ly tes  is to m o d u la te  body  fluid e x c h a n g e  within th e  v a r io u s  fluid 
c o m p a r tm e n ts  of th e  body. This  a llows for a  c o n s ta n t ,  w e ll- regu la ted  
e x c h a n g e  of nu trien ts  a n d  w a s te  p ro d u c ts  b e tw e e n  th e  cell a n d  its ex te rna l  
fluid en v iro n m en t  (122).
M arked  c h a n g e s  o c c u r  in p la s m a  vo lum e with s ing le  b o u ts  of e x e rc is e .  
T h e  regula tion  of p la s m a  v o lu m e  is in fluenced  by in tensity  a n d  du ra t ion  of 
e x e rc is e .  It is significantly d e c r e a s e d  with e x e rc ise ,  w h e r e a s  e lec tro ly te  a n d  
p ro te in  c o n c e n t ra t io n s  i n c r e a s e  (122).
During e x e rc is e  th e r e  is a  h e m o c o n c e n tra t io n  of th e  b lood, w hich  is 
partly  ex p la in ed  by th e  w ithdrawal of fluid to th e  ac tive  m u s c le s  a n d  by th e  
interstitial fluid receiving th e  m etab o li te s  p ro d u c e d  in th e  cells . Th is  
h e m o c o n c e n tra t io n  m a k e s  th e  b lood  m ore  v iscous ,  bu t it a lso  i n c r e a s e s  the  
t ra n sp o rta t io n  c a p ac i ty  p e r  liter of b lood for both o x ygen  a n d  c a rb o n  dioxide.
H ypervolem ia , a n  i n c r e a s e  in th e  cen tra l  circulating b lood  v o lu m e , is 
b e l ie v ed  to h a v e  im portan t e ffec ts  in th e rm o re g u la to ry  b e h a v io r  by facilitating 
a n  in c re a s e  in c u ta n e o u s  b lood flow a n d  s w e a t  ra te  (61). O th e r  potentia lly  
fav o rab le  a d v a n ta g e s  of hypervo lem ia ,  include  delivery  of m o re  e x o g e n o u s  
s u b s t r a t e s  to th e  working m usc le ,  im proved  perfus ion  of k idney  a n d  
s p la n c h n ic  t i s s u e s ,  r e d u c e d  re s i s ta n c e  to capillary flow, im proved  b lood- 
buffering capac ity ,  a n d  rem oval of w a s te  p ro d u c ts  a n d  h e a t  from th e  working
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m u sc le .  S e v e ra l  of t h e s e  p o s tu la te d  func t ions  a r e  b a s e d  on a n  in c r e a s e d  
b lood  flow to th e  working m u sc le ,  a  realistic probability g iven  th e  reduc tion  in 
arteria l o x y g e n  c o n te n t  th a t  o c c u rs  with hy p e rv o lem ia  a n d  th e  a p p a r e n t  d e s i r e  
to  m ain ta in  o xygen  delivery  to  th e  m u sc le  (61).
S w ea t in g  is a  vital p r o c e s s  which c o o ls  th e  b o d y  a n d  p re v e n ts  
o v e rh e a t in g  during  h e a v y  m u sc u la r  activity. S w e a t  c o n ta in s  different sa lts ,  
no tab ly  NaCI, in vary ing  c o n c e n t ra t io n s ,  a n d  e x c e s s iv e  s w e a t in g  m ay  
th e re fo re  c a u s e  a  c o n s id e ra b le  sa l t  loss . T h e  s w e a t  is hypo ton ic  c o m p a r e d  
with th e  body  fluid, s o  th a t  relatively m ore  fluid th a n  sa lt  is lost from th e  body 
during  s w e a t in g  c a u s in g  a n  in c r e a s e  in th e  NaCI c o n c e n tra t io n  in th e  body. 
Th is  in c r e a s e d  sa lt  c o n c en tra t io n  l e a d s  to th e  s e n s a t io n  of thirst a n d  a  
d e c r e a s e d  urine vo lum e.
U n d e r  s te a d y - s t a t e  cond it ions , c u t a n e o u s  th e r m o re c e p to r s  in fluence  
s w e a t in g  ra te . During e x e rc is e ,  th e  in tegrating  a n d  m odula ting  effect of skin 
t e m p e ra tu re  from different reg ions  of th e  body  is re sp o n s ib le  for th e  control of 
s w e a t  loss , u n d e r  cond it ions  of c o n s ta n t  therm al  drive (4). T he  w a te r  lost from 
th e  body  by th e  e v a p o ra t io n  ot s w e a t  is de r ived  from all th e  b o d y  fluid 
c o m p a r tm e n ts ,  including th e  v a s c u la r  c o m p a r tm e n t .  P l a s m a  w a te r  lo s s e s  a re  
s o m e w h a t  g re a te r  (on a  relative b as is )  th a n  a r e  lo s s e s  from th e  re s t  of the  
b o d y  t is s u e s .  T h e  lo ss  of w a te r  from e a c h  kilogram of p la s m a  is a b o u t  2 .5  
t im e s  g re a te r  th a n  tha t  from e a c h  kilogram of body  weight. T herefo re ,  th e  
vo lu m e  of distribution of th e  lo ss  of w a te r  is only a b o u t  4 0 %  of th e  body  (2). 
T h e  relatively g r e a te r  p la s m a  w a te r  lo ss  m ay  b e  d u e  to th e  fact th a t  th e  m ajo r  
ca tion  lost in s w e a t ,  sod ium , is from th e  ex trace llu la r  s p a c e ,  with w a te r  
following th e  o u tw ard  m o v e m e n t  of th e  ca tio n s .  P l a s m a  w a te r  l o s s e s  a re  
partly c o m p e n s a te d  by sh ifts  in w a te r  from th e  o th e r  body  fluid c o m p a r tm e n ts  
(88).
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T h e  p ro g re s s iv e  i n c r e a s e  in b o d y  c o re  t e m p e ra tu re  th a t  a c c o m p a n ie s  
p r o g re s s iv e  d e h y d ra t io n  du r ing  p ro lo n g e d  e x e rc is e  c o u ld  well b e  a  function of 
a  p ro g re s s iv e  d e c r e a s e  in th e  sensitiv ity  of s w e a t  g lan d  function. During 
e x e rc is e  w h e n  fully h y d ra te d ,  th e  s t e a d y - s ta te  b o d y  c o re  t e m p e ra tu re  would  
b e  a b o u t  3 8 .5 SC, but w h e n  d e h y d ra te d  by 3 %  of body  weight, th e  d e c r e a s e d  
s w e a t in g  sensitiv ity  w ould  fo rce  th e  s te a d y - s ta te  body  c o re  t e m p e ra tu re  up  to 
4 0 .0 SC. A s tead i ly  d e c r e a s e d  sw e a tin g  sensitiv ity  is a  r e s p o n s e  th a t  a c t s  to 
c o n s e r v e  b o d y  w a te r ,  but a t  a  c o n s ta n t  e x e rc is e  intensity, w hich re q u i re s  a  
c o n s ta n t  ra te  of h e a t  d iss ipa tion , th is  r e s p o n s e  re su l ts  in a  s tead i ly  in c re as in g  
body  c o re  te m p e ra tu re .  In addition, a n  i n c r e a s e  in e x e rc is e  in tensity  o r  
w ork load  in a  w arm  e n v iro n m e n t  will i n c r e a s e  c o re  t e m p e ra tu re .  T h e  
h y p e r th e rm ia  th en ,  will e x a c e r b a t e  th e  c a rd io v a s c u la r  s tra in  a n d  con tr ibu te  to 
a  r e d u c e d  p e r fo rm a n c e  or a n  early  te rm ina tion  of e x e rc is e  (88).
During a  m a ra th o n  ap p ro x im a te ly  1.2 li ters /hour s w e a t  lo ss  is op tim um , 
how ever ,  r a te s  of 2 to  3 .5  li ters /hour in th e  h e a t  a re  not u n c o m m o n .  H ow ever, 
w h e n  a ttem p ting  to  drink a t  r a te s  e qua l  to th e  s w e a t  ra te  of 1.2 liters/hour, 
d iscom fort  o ccu rs .  W h e n  inges ting  fluids a t  a  ra te  of 1.6 liters/hour, d ia r rh e a  
often e n s u e s .  T h e  m ain  p ro b le m  for th e  ru n n e rs  is th a t  th e y  c a n  only in g es t  a  
m ax im um  of 800  m l/hour for 2 hours, th e re fo re  th e  fluid in take  is a lw ays  
in a d e q u a te  to  r e p la c e  th e  s w e a t  lo ss  (91).
T he  m ain  p u rp o s e  of fluid r e p la c e m e n t  during  e x e rc is e  is to m ain ta in  a  
s t a t e  of e u h yd ra t ion  a n d  m inim ize e x e rc is e - in d u c e d  c h a n g e s .  A slight 
d e h y d ra t io n  (2%  body  w eight)  will limit a th le tic  p e r fo rm a n c e  a n d  in c r e a s e  th e  
risk of h e a t  i llness (62, 88, 113). Even  w h e n  rep la ce d ,  d eh y d ra t io n  o c c u rs  
s in c e  th e  ra te  a t  which fluid is lost a s  s w e a t  c a n  b e  tw ice th e  ra te  a t  w hich it 
c a n  b e  a b s o r b e d  a f te r  inges tion .
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R e s e a r c h  in d ic a te s  th a t  fluid r e p la c e m e n t  r e g im e n s  to  c o u n te r  b a la n c e  
fluid lo s s  a n d  d e h y d ra t io n  a re  d e p e n d e n t  upon  c h a ra c te r i s t ic s  of th e  b e v e r a g e  
s u c h  a s  t e m p e ra tu re ,  t a s te ,  a ro m a ,  m outh  feel, a n d  a p p e a r a n c e .  W h e n  cool, 
f lavored  w a te r  w a s  ava ilab le  a d  libitum a f te r  a  14 k ilom ete r  walk  in th e  h ea t ,  
s u b je c t s  r e p le n is h e d  7 8 %  of th e  fluid lo ss  c o m p a r e d  to  6 3 %  w h e n  cool, plain 
w a te r  w a s  a va ilab le  (84).
F. Summary
During p ro lo n g e d  a e ro b ic  e x e rc is e  th e re  a r e  m a n y  fac to rs  th a t  a re  
im portan t  to  optimizing p e rfo rm a n c e .  S o m e  of t h e s e  a r e  con tro llab le , a n d  of 
c o u rs e ,  s o m e  e le m e n t s  c a n n o t  b e  contro lled .
T h e  c o m p o n e n t s  th a t  c a n  be  reg u la te d  a re  t h o s e  w hich c a n  b e  a l te re d  
by tra in ing s ta tu s ,  in tensity  a n d  du ra tion  of th e  e x e rc is e ,  a n d  hydration s ta tu s .  
Train ing  s t a tu s  will in fluence  v a r ia b le s  s u c h  a s  s u b s t r a te  utilization, V02max. 
s tro k e  v o lu m e  a n d  h e a r t  ra te , la c ta te  th re sh o ld ,  fatigue, a n d  pu lm o n ary  
ventilation. Additionally, th e  te m p e ra tu re  regu la to ry  s y s te m  will in f luence  th e  
h e a t  d iss ipa tion  m e c h a n is m .  T he  in tensity  a n d  du ra t ion  a s  well a s  th e  
a th le te 's  physica l  d im e n s io n s  a n d  d iet  will in f luence  s k e le ta l  m u s c le  a n d  liver 
g ly c o g e n  levels , blood g lu c o s e  levels, a n d  trig lyceride s to r e s  in th e  a d ip o s e  
t is su e .  T h e  s ta t e  of hydration of th e  a th le te  will b e  d e te rm in e d  by p ro p e r  fluid 
inges t ion  b e fo re  a n d  during  th e  activity. Th is  level of hydration  will b e  
con tro lled  by th e  c o n c e n t ra t io n  a n d  timing of in take  w hich  will effec t fluid lo ss  
a n d  b lood  vo lum e, skin a n d  c o re  te m p e ra tu re ,  a n d  s w e a t  rate .
T h e  uncon tro lled  fac to rs  tha t  in fluence  p e r fo rm a n c e  a re  m ostly  th e  
resu lt  of g e n e t ic s  s u c h  a s  resp ira to ry  a n d  c a rd io v a s c u la r  s y s te m  limitations. 
Also e x tre m e ly  im portant, bu t u n a b le  to  b e  controlled , a r e  th e  en v iro n m en ta l  
co n d it io n s .
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II. The Thermal Environment - Pathways of Heat Exchange
A. Energy Balance Equation
T h e  p a r a m e te r s  th a t  de fine  th e  th e rm al  e n v iro n m en t  h a v e  a  s ignificant 
im pac t  on  h u m a n  physio logy . T h e  first law of th e rm o d y n a m ic s  is u s e d  for the  
m e a s u r e m e n t  of en v iro n m en ta l  e ffec ts  on  a n y  o rg an ism . T h e  form ula:
S  = M - (± W k) ±  E ±  R ± C ±  K, [W/m-2]
c o n s i s t s  of m e ta b o lism  (M), th e  internal h e a t  p roduction , a s  well a s  h e a t  
e x c h a n g e  in th e  form of e v a p o ra t io n  (E), c o n d u c ta n c e  (K), c o n v e c t io n  (C), a n d  
radiation (R). T h e  e n e rg y  th a t  r e m a in s  is in th e  form of e i th e r  positive  or 
n e g a t iv e  work (± W k ) or h e a t  s to r a g e  (S) (109).
B. Sensible/Dry Heat Exchange
H e a t  t ra n s fe r  p a th w a y s  c a n  b e  g ro u p e d  into m e c h a n i s m s  of dry or 
s e n s ib le  h e a t  e x c h a n g e  th a t  include  c o n d u c ta n c e ,  c o n v e c t io n ,  a n d  radiation. 
S e n s ib le  o r  m e a s u r a b le  h e a t  e x c h a n g e  is th e  d iffe rence  in th e  te m p e ra tu re  
g rad ie n t  b e tw e e n  th e  o rg an ism  a n d  th e  env iro n m en t.  Th is  invo lves  th e  non- 
e v a p o ra t iv e  or dry  h e a t  e x c h a n g e ,  w hich is d e te rm in e d  w h e n  th e  ability to  
s w e a t  is d im in ished  o r  inhibited  (109).
1. Convection
C o n v ec t io n  is th e  rem oval of h e a t  b e tw e e n  th e  s u r f a c e  a n d  a  fluid, 
usually  air or w a te r  (98). T h e  ra te  of h e a t  e x c h a n g e  is d e p e n d e n t  on  th e  fluid 
dens ity ,  th e  te m p e ra tu re  g rad ie n t  b e tw e e n  th e  s u r f a c e  a n d  fluid, th e  a r e a  of 
e x p o s u re ,  a n d  th e  flow ra te  a n d  tu rb u le n c e  of th e  fluid (109). T h e  velocity  of 
th e  fluid flowing o v e r  th e  s u r f a c e  l e a d s  to  a  d e c r e a s e  in tim e  for h e a t  to  b e  
t ra n s fe r re d  to  a  g iven  vo lum e of fluid. W a te r  h a s  a  specif ic  h e a t  se v e ra l  
th o u s a n d  t im es  g re a te r  th a n  air, s o  tha t  e a c h  unit portion of w a te r  nex t to  th e  
skin c a n  a b s o rb  far  g r e a te r  q u an ti t ie s  of h e a t  th a n  c a n  air. Also, th e  
conductiv ity  of w a te r  for h e a t  u s e  is different in c o m p a r is o n  with th a t  of a ir (63).
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T h u s ,  th e  ra te  of h e a t  lo ss  to  w a te r  a t  m o d e ra te  t e m p e ra tu re s  is o ften  a s  g re a t  
a s  th e  ra te  of h e a t  lo ss  to  a ir  of th e  s a m e  te m p e ra tu re .  Still, w h e n  both  w a te r  
a n d  a ir  a re  ex trem e ly  cold, the  ra te  of h e a t  lo ss  to  air will b e c o m e  a lm o s t  a s  
g re a t  a s  w a te r ,  for bo th  w a te r  a n d  air a re  th e n  c a p a b le  of carry ing  a w a y  
e s se n t ia l ly  all th e  h e a t  th a t  c a n  diffuse th rough  th e  s u b c u ta n e o u s  insu la tion  of 
th e  skin.
2. Conduction
C o n d u c t io n  is th e  e x c h a n g e  of h e a t  b e tw e e n  2 solid  s u r f a c e s  th a t  a re  in 
d irec t  con ta c t .  T h e  ra te  of c o n d u c ta n c e  is d e p e n d e n t  on  th e  t e m p e ra tu re  
d i f fe re n c e s  b e tw e e n  t h e s e  s u r f a c e s  (109). Normally, only m inu te  qu a n ti t ie s  of 
h ea t ,  a b o u t  3% , a r e  lost from th e  body  by c o n d u c ta n c e ,  s u c h  a s  from th e  
s u r f a c e  of th e  body  to  a  c h a ir  o r b e d  (63). H ow ever, th e  lo ss  by c o n duc tion  to  
air u n d e r  norm al co n d it io n s  d o e s  r e p r e s e n t  a  s iz a b le  portion of th e  h e a t  lo ss  
from th e  body, a b o u t  15%  (63). O n c e  th e  te m p e ra tu re  of th e  air im m edia te ly  
a d ja c e n t  to th e  skin is e q u a l  to th e  te m p e ra tu re  of th e  skin, no further h e a t  lo ss  
from th e  body  to th e  a ir c a n  occur. T he refo re ,  conduc tion  of h e a t  from th e  
body  to  th e  air is self-limited u n le s s  th e  h e a te d  air m o v e s  a w a y  from th e  skin 
s o  th a t  th e  new  u n h e a te d  a ir  is b rough t  in c o n ta c t  with th e  skin s u r f a c e  (63).
3. Radiation
T h e re  a re  s e v e ra l  v a r ia b le s  th a t  d e te rm in e  th e  rad ia tion  e x c h a n g e  
b e tw e e n  a n  o rg an ism  a n d  th e  env ironm en t.  T h e re  a re  5 t y p e s  of radiation 
(which will b e  d i s c u s s e d  below ), 3 fo rm s  inc lude  so la r  rad ia tion  a n d  2 ty p e s  
a re  th e rm al  or "heat"  in d ices  th a t  a re  a b s o r b e d  by th e  body. A n o th e r  radiation 
fac to r  is th e  radiation em itted  by the  s u b je c t  into the  env ironm en t,  which 
a c c o u n t s  for ap p ro x im ate ly  6 0 %  of th e  total h e a t  lo ss  (18).
S o la r  radiation is th a t  radiation em itted  a n d  rec e iv e d  d irectly  from the  
su n .  It m ay  b e  rec e iv e d  by  th e  o rg a n ism  a s  d irec t  s o la r  radiation, s c a t te re d ,
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sky  o r  d iffuse  so la r  radiation, a n d /o r  s o la r  radiation ref lec ted  from th e  g round . 
T h e  2  ty p e s  of therm al  rad ia tion  a b s o r b e d  by th e  o rg a n ism  c a n  b e  e i th e r  sk y  
o r  g ro u n d  th e rm al  rad ia tion  (109).
T h e  a m o u n t  of radiation a b s o r b e d  by th e  b o d y  d e p e n d s  on  th e  in tensity  
of th e  s o la r  radiation a n d  th e  p o s tu re  a n d  position of th e  o rg a n ism  in relation 
to  th e  ra y s  of th e  sun . In addition, th e  s u r fa c e  a r e a  of t h e  b o d y  th a t  in c lu d es  
th e  a m o u n t  of clothing w orn  by th e  su b je c t  will d e te rm in e  th e  total h e a t  
a b s o r b e d  by th e  body. T h e  a r e a s  of th e  b o d y  th a t  a r e  s h a d e d  by o th e r  body  
p a r t s  in addition to th e  s o la r  a n d  th e rm al  radiation th a t  is ref lec ted , a b s o rb e d ,  
a n d /o r  t ra n sm it te d  from th e  g ro u n d  s u r f a c e  will d e c id e  th e  a m o u n t  of h e a t  
a b s o rb e d  by th e  body. If th e  t e m p e ra tu re  of th e  body  is g r e a te r  th a n  th e  
te m p e ra tu re  of its su r ro u n d in g s ,  a  g r e a te r  quan ti ty  of h e a t  is r a d ia te d  from th e  
body  th a n  is rad ia te d  to  th e  body  (63).
4. Humidity
Humidity is a n  a ttr ibu te  of th e  physica l e n v iro n m en t  g ene ra lly  
re c o g n iz e d  by its role affecting climate, w e a th e r ,  a n d  th e rm al  com fort. It is th e  
a m o u n t  of w a te r  in th e  v a p o r  p h a s e  th a t  is p r e s e n t  in a  g a s e o u s  a tm o s p h e re .  
R ela tive  hum idity  is th e  ratio of th e  ac tua l  v a p o r  p r e s s u r e  in th e  mixture to the  
sa tu ra t io n  v a p o r  p r e s s u r e  with r e s p e c t  to w a te r  a t  th e  prevailing  a m b ie n t  
t e m p e ra tu re  (109).
T h e  im por tance  of a ir m o is tu re  is re la ted  to th e  c a p a c i ty  of th e  
su rro u n d in g  air to  a b s o rb  w a te r  from th e  body  su rfa c e .  M e a s u r e m e n ts  of 
a b s o lu te  a n d  specific  humidity m e a s u r e  th e  ac tua l  quan ti ty  of w a te r  p r e s e n t  in 
th e  a tm o s p h e re .  R elative humidity a n d  w a te r  v a p o r  p r e s s u r e  a r e  m o re  directly 
re la ted  to th e  ev a p o ra t iv e  potential of th e  env ironm en t,  which d e p e n d s  on  the  
c o m b in a tio n  of a b s o lu te  w a te r  a n d  t e m p e ra tu re  (109).
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C. Insensible/Evaporative Heat Exchange
In sens ib le  h e a t  e x c h a n g e  is th e  resu lt  of th e  e v a p o ra t io n  or 
c o n d e n s a t io n  of w a te r  on  th e  body  su rfa c e .  In sens ib le ,  w e t  or e v a p o ra t iv e  
h e a t  e x c h a n g e  is normally a  o n e  w ay  flow of h e a t  from th e  b o d y  to  th e  
s u rro u n d in g s .  S in c e  th e  h e a t  of vaporiza t ion  is a b s o r b e d  w ithout a  c h a n g e  in 
th e  m e a s u r e d  te m p e ra tu re  of w a te r ,  th e  h e a t  e x c h a n g e  is c o n s id e r e d  
" insensib le"  (109). T h e  physica l d e te rm in a n t  of th e  e v a p o ra t iv e  po ten tia l is the  
w a te r  c o n c e n tra t io n  g rad ie n t  b e tw e e n  th e  b o d y  s u r f a c e  a n d  th e  env ironm en t,  
a n d  a c c o u n t s  for a b o u t  2 2 %  of h e a t  lo ss  (63). E v apo ra t ion  how ever ,  h a s  
physiological limits which a r e  th e  ra te  of s w e a t in g  a n d  th e  level of hydration  of 
th e  o rg an ism .
W h e n  th e  t e m p e ra tu re  of th e  s u r ro u n d in g s  is g r e a te r  th a n  th a t  of th e  
skin, th e  b o d y  g a in s  h e a t  (18). U n d e r  t h e s e  cond it ions , th e  only m e a n s  by 
which th e  body  c a n  rid itself of h e a t  is evap o ra tio n .  T h e  ra te  of e v a p o ra t io n  is 
a  function of th e  w a te r  v a p o r  p r e s s u r e  g rad ie n t  b e tw e e n  th e  skin a n d  th e  
env ironm en t,  which is in d e p e n d e n t  of th e  t e m p e ra tu re  g rad ie n t  (86). T he  
ev a p o ra t io n  of 1 g ram  of w a te r  from th e  skin s u r f a c e  r e m o v e s  a pp rox im ate ly  
2 .5  KJ (0.6 kilocalories) from th e  body, a n d  s in c e  th e  s w e a t  g la n d s  c a n  de liver  
up  to  30  g r a m s  p e r  m inute, nearly  all of th e  h e a t  p ro d u c e d  during  h e a v y  
e x e rc is e  cou ld  b e  d i s s ip a te d  by ev a p o ra t io n  in ideal co n d it io n s  (63).
D. Body Temperature Measurement
T h e  te m p e ra tu re  of a  specif ic  body  reg ion  d e p e n d s  u p o n  (a) th e  
m etabo lic  ra te  of th e  su rro u n d in g  t i s s u e s ,  (b) th e  m a g n i tu d e  a n d  s o u r c e  of 
b lood  flow, a n d  (c) th e  t e m p e ra tu re  g ra d ie n ts  b e tw e e n  ad jo in ing  reg ions .  
T e m p e ra tu re  g ra d ie n ts  exist b e tw e e n  a n d  within d ifferent orifices, body  
cav it ie s  a n d  blood v e s s e l s .  At res t  a b o u t  7 0 %  of th e  m etabo lic  h e a t  is 
p ro d u c e d  by internal o r g a n s  a n d  v isc e ra  within th e  c o re  of th e  body. During
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e x e rc is e  how ever ,  u p  to  a b o u t  9 0 %  of th e  m etabo lic  h e a t  c a n  b e  p ro d u c e d  by 
th e  sk e le ta l  m u sc le s .  T h e re fo re ,  t e m p e ra tu re s  m e a s u r e d  during  e x e rc is e  
within a  given body  region m ay  c h a n g e  relative to  o th e r  b o d y  s i te s  (114).
C o n s is te n t  d i f fe re n c es  ex is t  b e tw e e n  c o re ,  e s o p h a g e a l ,  rectal, oral, sk in , a n d  
m u sc le  t e m p e ra tu re  (108).
1. Core Temperature
F u n d a m e n ta l  to  th e  s tu d y  of t e m p e ra tu re  regu la tion  is th e  a c c u r a te  
m e a s u r e m e n t  of c o re  te m p e ra tu re .  C o re  te m p e ra tu re  is d e f in e d  a s  th e  
t e m p e ra tu re  of th e  h y p o th a la m u s ,  th e  t e m p e ra tu re - re g u la to ry  c e n te r  of th e  
b o d y  (18). T herm al physio log is ts  a r e  still in d i s a g r e e m e n t  c o n c e rn in g  both  th e  
ideal m e a s u r e m e n t  site  a n d  co rrec t  in te rp re ta tion  of th e  d ifferent ind ices  of 
c o re  te m p e ra tu re .  T h e s e  physio log is ts  feel tha t  a  s in g le  m e a s u r e m e n t  s ite  
m ay  not provide a  co rrec t  index  of th e  m e a n  in ternal t e m p e ra tu re  (114). T h e  
r e q u i re m e n ts  how ever ,  for a n  ideal s i te  to m e a s u r e  c o re  t e m p e ra tu re  a re  (a) 
th e  s ite  sh o u ld  b e  c o n v e n ie n t ,  (b) th e  m e a s u r e m e n t  s h o u ld  not b e  b ia s e d  by 
e n v iro n m en ta l  cond it ions , a n d  (c) th e  m e a s u r e d  c h a n g e s  s h o u ld  quan ti ta t ive ly  
reflect sm all c h a n g e s  in arterial b lood te m p e ra tu re .  In addition , th e  r e s p o n s e  
tim e for t e m p e ra tu re  c h a n g e s  is a n  im portan t  c o n s id e ra t io n  w h e n  s e le c t in g  a  
m e a s u r e m e n t  s i te  for ce r ta in  ex p e r im e n ta l  s itua tions ,  e sp ec ia l ly  t h o s e  
involving e x e rc ise .  A s u b je c t 's  c o re  t e m p e ra tu re  is often m e a s u r e d  a t  th e  
e s o p h a g u s ,  rec tum , m outh  a n d  ty m p a n u m /a u d ito ry  m e a tu s  (114).
a. Esophageal Temperature
E s o p h a g e a l  t e m p e ra tu re  ve ry  c lose ly  ref lec ts  th e  cen tra l  arteria l  b lood  
t e m p e ra tu re  a n d  th e re fo re  ref lec ts  c h a n g e s  th a t  t a k e  p la c e  in th e  cen tra l  
t e m p e ra tu re  r e c e p to r s  (108). T h e  t e m p e ra tu re  in th e  e s o p h a g u s  a ls o  p ro v id es  
a n  index  of cen tral  therm al  information th a t  a ffec ts  sw e a tin g  (113).
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b. Rectal Temperature
T h e  v a lu e  of rectal t e m p e ra tu re  a s  a n  index  of th e  c o re  te m p e ra tu re  
during  work h a s  b e e n  q u e s t io n e d .  F ind ings  s u g g e s t  th a t  bo th  rectal a n d  
e s o p h a g e a l  t e m p e r a tu r e s  a r e  g o o d  in d e x e s  of c o re  t e m p e ra tu re  du ring  work 
b o u ts  (108), with rectal v a lu e s  be ing  slightly h igher. R ec tal  v a lu e s  a r e  a ls o  
g en e ra lly  h ig h er  th a n  t h o s e  m e a s u r e d  in th e  arteria l b lood  a n d  o th e r  c o re  
te m p e ra tu re  s i t e s  (114).
T h e  m ain  p rob lem  with rectal t e m p e ra tu re  ho w ev er ,  is th a t  it is s low  to 
re s p o n d  to c h a n g e s  in b lood  a n d  o th e r  c o re  t e m p e ra tu re s ,  p ro b ab ly  d u e  to  th e  
low ra te  of b lood  flow to th e  rec tum . H e n c e ,  rectal t e m p e ra tu re  is a  p o o r  c o re  
t e m p e ra tu re  index  for es tim a ting  th e  input to  th e  th e rm o re g u la to ry  con tro ller  
but it p ro v id e s  a  g o o d  index  to  a s s e s s  body  h e a t  s to r a g e  (114).
c. Oral Temperature
U n d e r  fav o rab le  cond it ions ,  oral a n d  e s o p h a g e a l  t e m p e r a tu r e  v a lu e s  
a re  c o m p a ra b le .  During s te a d y - s t a te  light in tensity  e x e rc is e ,  w hich c a n  b e  
p e rfo rm e d  with n a sa l  b rea th ing , oral t e m p e ra tu re  v a lu e s  h a v e  b e e n  fo u n d  to 
c o rre la te  well ( r= 0 .83 -0 .92 )  with s im u l ta n e o u s ly  m e a s u r e d  e s o p h a g e a l  a n d  
rectal t e m p e ra tu re  m e a s u r e m e n ts .  During s te a d y - s t a te  m o d e r a te  in tensity  
e x e rc is e ,  which c a n  a ls o  b e  p e rfo rm e d  with n a s a l  b rea th in g ,  oral t e m p e ra tu re  
v a lu e s  m ay  b e  low er th a n  e s o p h a g e a l  a n d  rectal t e m p e ra tu re  v a lu e s ,  p e r h a p s  
d u e  to a  sy m p a th e tica l ly  m e d ia te d  v a so co n s tr ic t io n  of th e  to n g u e  v a s c u la tu re .  
A n o th e r  possibility for t h e s e  d if fe re n c es  is th a t  additional cooling of th e  u p p e r  
resp ira to ry  p a s s a g e s  m ay  o c c u r  a t  g r e a t e r  e x e rc is e  in tens it ie s  (114). Unlike 
e s o p h a g e a l  a n d  rectal t e m p e ra tu re  v a lu e s ,  oral t e m p e r a tu r e s  a r e  not a lw a y s  
in d e p e n d e n t  of th e  e n v iro n m en ta l  t e m p e ra tu re  (114).
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d. Tympanic/Auditory Meatus Temperature
T ym p an ic /au d ito ry  m e a tu s  t e m p e ra tu re  m e a s u r e m e n t s  d o  not p rov ide  a  
c o n s is te n t  a n d  reliable index  of th e  level of c o re  t e m p e ra tu re  during  e i th e r  res t  
o r  e x e rc is e .  T y m p a n ic  t e m p e ra tu re  is o b ta in e d  by inserting  a  sm all 
t e m p e ra tu re  s e n s o r  into th e  e a r  c a n a l  a n d  a d v a n c in g  it until it r e s t s  a g a in s t  th e  
ty m p a n ic  m e m b ra n e .  D ue  to d iscom fort, po ten tia l t r a u m a  a n d  p la c e m e n t  
p ro b le m s  a s s o c i a te d  with ty m p a n ic  m e a s u r e m e n ts ,  s o m e  in v es t ig a to rs  
m e a s u r e  th e  ex te rna l  aud ito ry  m e a tu s  te m p e ra tu re .  In th is  c a s e ,  a  
t e m p e ra tu re  s e n s o r  is p la c e d  in a n  e a r  plug a n d  in se r te d  into th e  aud ito ry  
m e a tu s .  P la c e m e n t  of th e  s e n s o r  is im portan t  s in c e  th e re  is a  su b s ta n t ia l  
t e m p e ra tu re  g rad ien t  (ab o u t  0 .5 QC) a long  th e  wall of th e  m e a tu s  (114).
D e p e n d in g  u p o n  th e  e n v iro n m en ta l  cond it ions ,  local h e a d  h e a t in g  a n d  
air flow to th e  f a c e  will b ia s  th e  t e m p e ra tu re  of t h e  ex te rna l  m e a tu s .  T h e  
m e a s u r e d  te m p e ra tu re  r e p r e s e n t s  a n  a v e r a g e  w eighting  of s e le c te d  skin a n d  
c o re  t e m p e ra tu re  s i te s .  H ow ever, if a m b ie n t  t e m p e ra tu re  a n d  e x e rc is e  a r e  
c o n s ta n t  a n d  n e i th e r  e s o p h a g e a l  o r  oral m e a s u r e m e n t s  c a n  b e  o b ta in e d ,  
tym pan ic /aud ito ry  m e a tu s  t e m p e ra tu re  c a n  b e  of s o m e  v a lu e  in e s t im a t in g  the 
c o re  te m p e ra tu re  (114).
In a g r e e m e n t  with th e  a b o v e  findings, A rm strong  e t  al. (3) s tu d ie d  
ru n n e rs  in a  w arm  (38QC) a n d  cool (24QC) en v iro n m en t.  T h e s e  r e s e a r c h e r s  
d e te rm in e d  th a t  aura l  ( e a r  cana l)  t e m p e ra tu re  a s  m e a s u r e d  by a n  infared  
s c a n n e r ,  w a s  a  b e t te r  ind ica to r  of rectal t e m p e ra tu re  w h e n  e x e rc is in g  a t  6 2 %  
a n d  7 1 %  VC^max-
E. Summary
T h e  h u m a n  o rg a n is m  is ex trem ely  a d a p ta b le .  During s te a d y - s t a t e  
m u sc u la r  e x e rc is e  th e  c o re  te m p e ra tu re  is p roportional to  th e  m e ta b o lic  ra te  
a n d  is largely  in d e p e n d e n t  of th e  en v iro n m en ta l  cond it ions .  D e p e n d in g  on
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th e  en v iro n m en ta l  te m p e ra tu re ,  th e  relative con tr ibu tions  of s e n s ib le  a n d  
in se n s ib le  h e a t  e x c h a n g e  to  th e  total h e a t  lo s s  will va ry  s o  th a t  th e  ho t te r  
e n v iro n m e n t  will yield th e  g r e a te r  d e p e n d e n c e  on in se n s ib le  h e a t  lo ss  a n d  
th u s  i n c r e a s e  s w e a t  ra tes .
W h e n  exploring th e  e ffec ts  of e x e rc ise ,  th e  th e rm a l  e n v iro n m e n t  a n d  th e  
b o d y 's  ability to  th e rm o re g u la te  effectively a re  im portan t  v a r ia b le s .
Aerobically  fit a th le te s ,  s u c h  a s  m ara th o n  ru n n e rs ,  o f ten  to le ra te  high c o re  
t e m p e r a tu r e s  (a b o v e  4 0 gC) for e x te n d e d  du ra t ion  with no a d v e r s e  physica l  
e ffec ts ,  during  e x e rc is e - h e a t  s t r e s s  (112). If th e  body  is u n a b le  to  to le ra te  the  
e f fec ts  of h e a t  a n d  humidity a n d  th e re b y  in c a p a b le  of rem ov ing  h e a t ,  e i th e r  
th a t  w hich  is a b s o r b e d  by th e  body  o r  g e n e r a te d  by m u sc u la r  activity, bo th  
s w e a t  p roduction  a n d  p e r fo rm a n c e  will diminish d u e  to  th e  i n c r e a s e  in c o re  
te m p e ra tu re .
III. Physiological Responses to Exercise-Heat Stress
A. Physiological Temperature Regulation
T h e  t e m p e ra tu re  regu la to ry  s y s te m  e n s u r e s  a  relatively c o n s ta n t  
in ternal body  te m p e ra tu re  b e tw e e n  3 5 QC to 4 1 9C w hich p r e s e r v e s  norm al 
physio log ica l  function (88, 114). Physio logical t e m p e ra tu re  regu la tion  
o p e r a t e s  th ro u g h  th e  a u to n o m ic  n e rv o u s  s y s te m , a n d  in c lu d es  control of (a) 
th e  ra te  of m etabo lic  h e a t  production, (b) h e a t  flow v ia  th e  b lood  from th e  c o re  
to th e  skin, a n d  (c) sw e a tin g .  A h u m an  c a n  to le ra te  a  varia tion of only a b o u t  
4 9C  in d e e p  body  te m p e ra tu re  without im pa irm en t  of optim al physica l  a n d  
m en ta l  p e r fo rm a n c e  (4). T h e  p ro te c te d  h u m a n  how ever ,  m ay  well to le ra te  
va r ia t io n s  in e n v iro n m en ta l  t e m p e ra tu re s  b e tw e e n  -5 0 9C a n d  + 1 0 0 9C (4).
During m axim al e x e rc ise ,  b o d y  t e m p e ra tu re  m ay  rise to l ife -th rea ten ing  leve ls  
within only 10 to 15 m in u te s  if h e a t  d iss ipa tion  r e s p o n s e s  a r e  not ac t iv a te d  
(52). W h e n  h e a t  s t r e s s  is c o m b in e d  with e x e rc ise ,  th e  c a rd io v a s c u la r  s y s te m
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m ay  b e  p u s h e d  c lo s e  to  its limit to  s im u l ta n e o u s ly  su p p o r t  th e  co m p e t in g  
m etabo lic  a n d  th e rm o re g u la to ry  d e m a n d s  for b lood  flow (114).
H e a t  is m o re  p rob lem atic  th a n  th e  cold, for p e o p le  c a n  p ro tec t  
th e m s e lv e s  m o re  easi ly  a g a in s t  overcoo ling  th a n  o v e rh e a t in g .  C o n s e q u e n t ly ,  
th e  controlling m e c h a n is m  for t e m p e ra tu re  regu la tion  is particularly  g e a r e d  to 
p ro tec t  th e  b o d y  t i s s u e s  a g a in s t  o v e rh e a t in g  (88). S u c c e s s  a t  m ain ta in ing  a  
s a f e  in ternal t e m p e ra tu re  during  e x e rc is e  in th e  h e a t  is d e te rm in e d  in large  
part  by th e  in te rac t ions  b e tw e e n  a th le te  a n d  en v iro n m en t  (88). T h e  e leva tion  
in internal body  t e m p e ra tu re  is primarily re la ted  to  th e  in tensity  of e x e rc is e  a n d  
th e  a v e r a g e  skin te m p e ra tu re  (85). T h e  in c re a s e  in c o re  t e m p e ra tu re  is 
p roportional to  th e  m etabo lic  rate , a n d  nearly  in d e p e n d e n t  of the  
e nv ironm en ta l  t e m p e ra tu re  (114). T h e  c o m b in e d  circulatory  d e m a n d s  of 
m u s c le s  a n d  skin a re  acco rd ing ly  e le v a te d  w h e n  e x e rc is e  in tensity  is g rea t  
a n d  a m b ie n t  t e m p e ra tu re  is high (85).
E x c e s s iv e  body  te m p e ra tu re  during e x e rc is e  m ay  c a u s e  v e n o u s  
pooling, a  low er m axim al s tro k e  vo lum e, a  low er a-VC>2 d iffe rence , a n d  th u s  an  
early  o n s e t  of fa tigue  (87). If h e a t  is in te n s e  it m ay  greatly  d e c r e a s e  
e n d u r a n c e  b e c a u s e  of th e  n e e d  for m ore  of th e  c irculating blood v o lu m e  to be  
d e v o te d  to  th e  t ran sp o rta tio n  of h e a t  r a th e r  th a n  to  th e  t ra n sp o rta t io n  of o xygen  
(88). Additional s t r e s s  is p la c e d  on  th e  c a rd io v a s c u la r  s y s te m  via th e  lo ss  of 
total body  w a te r  from d eh y d ra t io n  a s  a  result  of in c r e a s e d  sw ea tin g .  F o r  every  
1%  d e c r e a s e  in body  w eight d u e  to total body  w a te r  lo ss  th e re  is a n  in c r e a s e  
in both  h e a r t  rate  of 5-10  b e a t s  p e r  m inu te  a n d  body  t e m p e ra tu re  of 0 .1 9C to
0 .4 QC (62, 113).
B. Effects of Exercise on Heat Exchange
Skin b lood  flow c a rr ie s  h e a t  by c o n v ec t io n  b e tw e e n  th e  skin a n d  d e e p  
body  t i s s u e s .  During e x e rc is e  in a  hot en v iro n m en t  th e  h e a t  flux from th e  body
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c o re  to  th e  skin is th e  p ro d u c t  of th e  skin c o n d u c ta n c e  a n d  th e  t e m p e ra tu re  
d if fe rence  b e tw e e n  th e  c o re  a n d  th e  skin (88). O n  hot, hum id  d a y s ,  th e  skin 
te m p e ra tu re  m ay  b e  quite  high b e c a u s e  of a n  inability to  e v a p o r a te  th e  sw e a t .  
T h u s ,  e v e n  a  m axim al sk in  b lood  flow might not b e  a d e q u a t e  to  prov ide  
sufficient h e a t  t ra n sp o rt  from th e  c o re  to  th e  skin, a n d  th e  body  c o re  
te m p e ra tu re  will c o n tin u e  to  rise to  levels  th a t  limit th e  con tinua tion  of e x e rc is e  
(88 ).
In cond it ions  w h e re  sw e a tin g  occu rs ,  skin b lood  flow i n c r e a s e s  a long  
with skin o r  c o re  te m p e ra tu re .  C o re  te m p e ra tu re  r ise s  in o rd e r  to  e s ta b l is h  a  
g rad ie n t  for h e a t  flow from c o re  to shell, a n d  to  s t im u la te  sw e a t in g .  S in c e  th e  
s w e a t  g la n d s  of a  fit p e r s o n  c a n  deliver  s w e a t  to th e  skin s u r f a c e  a t a  high rate, 
nea rly  all of th e  h e a t  p ro d u c e d  during  h e a v y  e x e rc is e  cou ld  b e  d i s s ip a te d  by 
e v a p o ra t io n  u n d e r  ideal cond it ions  (88). In s u c h  cond it ions ,  th e  ra te  of 
e v a p o ra t iv e  w a te r  lo ss  c a n  e x c e e d  30  g r a m s  p e r  m inute  a n d  a p p r o a c h e s  2 to 
3  liters p e r  ho u r  (88). E a c h  g ra m  of w a te r  th a t  e v a p o r a te s  from th e  skin 
s u r f a c e  r e m o v e s  a b o u t  0 .6  kilocalories of h e a t  from th e  body. S in c e  th e  ill 
e f fec ts  of body  d e h y d ra t io n  beg in  to o c c u r  w h e n  body  w a te r  lo ss  e x c e e d s  3%  
of body  w eigh t (abou t  1 ho u r  a t > 3 6 QC in a  70  kg pe rso n ) ,  e x e rc is e  in th e  h e a t  
will b e  c o m p ro m is e d  u n le s s  th e  body  w a te r  c o n te n t  c a n  b e  r e s to re d  a t  a  
f re q u e n c y  th a t  a p p ro x im a te s  its ra te  of lo ss  (88).
O n  a  hot day , w h e n  the  skin to en v iro n m en t t e m p e ra tu re  g rad ie n t  is 
sm all, th e  c a p a c i ty  for h e a t  e x c h a n g e  by radiation a n d  c o n v e c t io n  is likewise 
sm all  a n d  of minimal v a lu e  in d iss ipa ting  th e  therm al  load  a c c o m p a n y in g  
e x e rc ise .  If th e  a m b ie n t  humidity is high, th e  w a te r  v a p o r  p r e s s u r e  g rad ien t  
b e tw e e n  skin a n d  air will b e  low er a t  a  given sw e a tin g  rate , a n d  th e  
e v a p o ra t iv e  ra te  will a lso  b e  lower. In a  condition  of c o n s ta n t  d e m a n d ,  th e  
body  will requ ire  a n  e le v a te d  sw e a tin g  ra te  to  i n c r e a s e  th e  w a te r  v a p o r
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p r e s s u r e  of th e  skin to  r e s to re  th e  n e c e s s a r y  g rad ie n t  to  m ain ta in  th e rm a l  
b a la n c e  (88). If th e  a m b ie n t  humidity a n d  th e  a m b ie n t  t e m p e ra tu re  a r e  both 
high, th e  h e a t  flux c a p a c i ty  from th e  b o d y  is low, a n d  h e a t  is t r a n s fe r re d  from 
th e  air to th e  skin. T h u s  th e  t e n d e n c y  to s to re  a  portion of th e  h e a t  p ro d u c e d  
during  e x e rc is e  is g r e a t  (52). In s u c h  a  condition, e x e rc is e  c a n n o t  b e  
p e rfo rm e d  for e x te n d e d  p e r io d s  of time. E x trem e  co n d it io n s  of e x e rc i s e  a n d  
h e a t  p r e s e n t  th e  body  with th e  p rob lem  of m ain ta in ing  e i th e r  c ircu la to ry  or 
t e m p e ra tu re  regula tion , bu t p robab ly  not both  (85). U n d e r  t h e s e  cond it ions ,  
c ircu la to ry  regula tion  h a s  p r e c e d e n c e  o v e r  t e m p e r a tu r e  regu la tion  (89).
C. Effects of Exercise and Heat Stress on Physiologic Parameters
During e x e rc is e  in th e  hea t,  skin b lood  flow c a n  in c r e a s e  by a s  m uch  a s  
2 0  t im e s  g r e a te r  th an  res t ing  va lu e s .  T h u s ,  the  ability to  v a so d i la te  th e  skin 
s e r v e s  a s  o n e  of th e  b o d y 's  prim ary d e f e n s e s  a g a in s t  o v e rh e a t in g .  A high 
sk in  b lood  flow, how ever ,  m ay  not b e  sufficient to  p re v e n t  th e  s e q u e s t r a t io n  of 
h e a t  in th e  body  c o re  during  e x e rc ise  on a  hot, hum id  d a y  w h e n  th e  skin 
te m p e ra tu re  r is e s  con tinuous ly  d u e  to a n  inability to  e v a p o r a te  s w e a t  (62).
T h e  c o m b in e d  c ircu la tory  d e m a n d  from m u sc le  a n d  skin is a ls o  g r e a te r  
in th e  h e a t  a t  a  g iven  in tensity  of e x e rc ise .  T he  h e a r t  m u s t  e i th e r  de liver  
a d e q u a t e  blood flow to both  m u sc le  a n d  skin or, if th e  c o m b in e d  d e m a n d  for 
flow e x c e e d s  th e  h e a r t 's  c a p a c i ty  to  deliver, o n e  o r  bo th  of t h e s e  o r g a n s  
b e c o m e s  increas ing ly  c o m p ro m ise d .  This  l e a d s  to  a  reduc tion  in e x e rc is e  a n d  
p e rfo rm a n c e  (101).
In a  res ting  p e rs o n ,  th e  w hole  b o d y  h e a t  p roduction  is e q u iv a len t  to 
a b o u t  1 k ilocalorie /m inute . During p ro lo n g e d  in tens ive  e x e rc is e ,  s u c h  a s  a  
m a ra th o n  run, th e  ra te  of h e a t  p roduction  m ay  e x c e e d  14 .3  k iloca lo ries /m inu te  
(87). A therm al  load  of th is  m a g n i tu d e  w ould  ra ise  th e  b o d y  c o re  t e m p e ra tu re  
by 1eC every  5 to  8 m in u tes  if th e re  w e re  no c h a n g e s  in th e  b o d y 's  h e a t
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diss ipa tion  m e c h a n is m s .  E x e rc ise  would  b e  limited to  l e s s  th a n  20  m in u tes  
b e fo re  fa tigue  w ould  o c c u r  from th e  e ffec ts  of hype rthe rm ia .
T h e  m ore  s e r io u s  e ffe c ts  of p ro lo n g e d  e x e rc is e  in th e  h e a t  a r e  d u e  to  a  
p ro g re s s iv e  h y p o v o lem ia  (low er th a n  norm al b lood  v o lum e)  a c c o m p a n y in g  
deh y d ra t io n .  In addition, a s  th e  c o re  te m p e ra tu re  i n c r e a s e s  during  e x e rc is e ,  
w hich c a n  in c re a s e  by a b o u t  4 9C afte r  30  m in u te s  w h en  blood vo lu m e  
d e c r e a s e s ,  la rg e r  p ropo rt ions  of th e  b lood  v o lu m e  a re  d is tr ibu ted  to  th e  
c u t a n e o u s  v e s s e l s ,  th u s  effectively reduc ing  c a rd ia c  return a n d  c e n tra l  b lood 
vo lum e. During e x te n d e d  e x e rc is e ,  a  reduc tion  in c a rd ia c  filling m ay  resu lt  in 
a  fall in cen tra l  v e n o u s  p r e s s u r e  a n d  s tim u la te  b a ro re c e p to r  v a s o c o n s t r ic to r  
ref lexes . T he  o u tp u ts  from t h e s e  b a ro re c e p to r s  c o m p e te  with a n d  modify th e  
therm al  d r ives  for both  th e  control of th e  skin b lood  flow a n d  control of th e  
s w e a t  g la n d s  (52).
T h e  prim ary d r iv es  for both th e  in c r e a s e d  skin b lood flow a n d  in c r e a s e d  
b o d y  sw e a tin g  a r e  th e  th e rm al  inpu ts  w hich a r e  s e n s e d  by r e c e p to r s  in th e  
d e e p  body  co re , with a  l e s s e r  drive from skin rec e p to rs .  T h e s e  th e rm a l  s ig n a ls  
a re  in te g ra te d  in th e  h y p o th a la m u s  a n d  p ro p e r  h e a t  lo ss  r e s p o n s e s  a re  
a ffec ted .  If a n  in c re a s e  in m etabo lic  h e a t  production  or e n v iro n m en ta l  
t e m p e ra tu re  u p s e t s  th e  th e rm a l  b a la n c e  a n d  c a u s e s  add it ional  h e a t  to  b e  
s to re d  in th e  body, t e m p e ra tu re  in th e  c o re  o r  skin (or both) will i n c re a s e ,  a n d  
will b e  d e te c te d  by th e  th e rm al  recep to rs .  In r e s p o n s e ,  th e  th e rm o re g u la to ry  
contro ller  in th e  cen tra l  n e rv o u s  s y s te m  will call for r e a c t io n s  s u c h  a s  s w e a t in g  
a n d  vasod ila tion  th a t  i n c r e a s e  h e a t  loss. U n le s s  th e  h e a t  s t r e s s  e x c e e d s  th e  
c a p a c i ty  of th e  th e rm o re g u la to ry  s y s te m ,  t h e s e  r e s p o n s e s  will i n c r e a s e  until 
th e y  a re  sufficient to r e s to re  h e a t  b a la n c e  a n d  p rev e n t  fu rther  i n c r e a s e s  in 
b o d y  t e m p e r a tu r e s  (114).
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1. Cardiovascular Effects and Circulatory Control
T h e  key  c o n s id e ra t io n s  reg a rd in g  c ircu la tory  regu la tion  u n d e r  w arm  
a m b ie n t  co n d it io n s  a re  th e  n e e d  to  su p p ly  a n  a d e q u a t e  b lood  flow to  th e  
ac tive, c o n trac t ing  m u s c le s  (to s u s ta in  a e ro b ic  e n e rg y  m etab o lism ) , a n d  to  
su p p ly  a  sufficient b lood  flow to th e  skin to d is s ip a te  hea t .  At th e  s a m e  time, 
arteria l  b lood  p r e s s u r e  m u s t  b e  m a in ta in e d  to e n s u r e  a d e q u a t e  p e rfu s io n  to 
th e  vital o r g a n s  (88, 116).
In a  w arm  env iro n m en t,  th e  drive for a n  e le v a te d  skin b lood  flow is 
i n c r e a s e d  c o m p a r e d  to th e  cool env iro n m en t,  bas ica lly  d u e  to  th e  i n c r e a s e d  
skin te m p e ra tu re .  H en ce ,  th e  h e a r t  m ust  de liver  a n  a d e q u a t e  b lood  flow to 
both  m u sc le  a n d  skin. If th is  d e m a n d  e x c e e d s  th e  h e a r t 's  c a p a c i ty  to  deliver, 
o n e  o r  both  of t h e s e  o r g a n s  will b e c o m e  c o m p ro m is e d  a n d  e x e rc is e  will b e  
limited a n d  p e rfo rm a n c e  d e c r e a s e d  (88).
T h e rm a l  s t r e s s  invokes  c u t a n e o u s  vasod ila tion , w hich d i s p l a c e s  th e  
circu lating  b lood  vo lu m e  into c u t a n e o u s  v e in s  a n d  th e re b y  low ers  cen tra l  
b lood  vo lum e, c a rd ia c  filling p r e s s u re ,  a n d  s u b s e q u e n t ly  s t ro k e  v o lu m e  (62, 
101). T h e  reduc t ion  in circulating b lood  vo lum e th a t  o c c u rs  with e x e rc is e  in 
th e  h e a t  low ers  th e  a m o u n t  of blood tha t  th e  h ea r t  c a n  de live r  with e a c h  b e a t .  
To  m ain ta in  c a rd ia c  ou tpu t  a n d  arteria l  b lood p r e s s u r e  u n d e r  t h e s e  
c i r c u m s ta n c e s ,  h e a r t  ra te  m u s t  in c re a s e .
Not only is th e  ability to m ain ta in  a n  a d e q u a t e  c a rd ia c  s t ro k e  vo lu m e  
during  e x e rc is e  t h r e a te n e d  by th e  d isp la c e m e n t  of a  portion of th e  b lood  
vo lu m e  to w a rd  th e  pe riphery , but th e  c o n tin u o u s  lo ss  of body  w a te r  d u e  to  th e  
ev a p o ra t io n  of s w e a t  m ay  c o m p ro m is e  v e n o u s  return. During s e v e r e  e x e rc is e  
a n d  h e a t  e x p o s u re ,  d e c r e a s e s  in p la s m a  vo lu m e  a s  la rge  a s  2 7 %  h a v e  b e e n  
repo r ted .  T h e  m a g n i tu d e  of th e  d e c r e a s e  d e p e n d s  u p o n  th e  in tensity  a n d  
du ra t ion  of th e  e x e rc is e  bout. This c a n  le a d  to th e rm a l  d e h y d ra t io n  which
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in te r fe re s  with circulating a s  well a s  th e rm o re g u la to ry  functions. 
A c c o m p an y in g  th e  d e c r e a s e  in p la s m a  vo lu m e  is a n  in c r e a s e  in p la s m a  
osm ola li ty  directly proportional to  th e  p e r c e n ta g e  d e c r e a s e  in b o d y  w eigh t 
(62). P l a s m a  osm ola lity  a lso  i n c r e a s e s  during  p ro lo n g e d  e x e rc is e  d u e  to  a  
g r e a t e r  lo ss  of p la s m a  w a te r  th a n  p la s m a  e lec tro ly tes  th ro u g h  s w e a t in g .  As 
p l a s m a  osm ola lity  i n c r e a s e s ,  o s m o r e c e p to r s  (possib ly  lo ca ted  in th e  cen tra l  
n e rv o u s  s y s te m )  m ay  s e n d  afferen t im p u lse s  to  th e  h y p o th a la m ic  h e a t  lo ss  
c e n te r ,  which in c r e a s e s  t h e  th re sh o ld  for v asod ila to ry  a n d  s w e a t in g  
r e s p o n s e s .  In addition  to inhibiting th e  s w e a t in g  m e c h a n is m ,  hyperosm ola l i ty  
a l te rs  h e a r t  rate  a n d  body  te m p e ra tu re  during  e x e rc is e  (27).
2. Metabolism
P hysica l  e x e rc is e  in c r e a s e s  total body  m etab o lism  by  5 to  15 t im es  
res t ing  ra te s  in o rd e r  to provide  e n e rg y  for ske le ta l  m u sc le  m etab o lism . 
Likewise, h e a t  s t r e s s  i n c r e a s e s  the  m etab o lic  ra te  for res t ing  h u m a n s .  To 
perfo rm  a  g iven  s u b m a x im a l  e x e rc ise  task ,  th e  m etabo lic  ra te  is g r e a t e r  in th e  
h e a t  c o m p a r e d  to a  com fo rtab le  en v iro n m en t (114). T h is  m ay  reflect th e  
individual 's  d iscom fort  in th e  hea t,  t h u s  m aking  m ore  e x t r a n e o u s  m o v e m e n ts  
during  e x p o s u re .  O n th e  o th e r  hand , b iochem ica l  a n d  physio logica l 
m e c h a n is m s  m ay  a lso  con tr ibu te  to th e  g re a te r  total e n e rg y  c o s t  (114).
M uscle  a n d  p la s m a  lac ta te  leve ls  during  sh o r t - te rm  e x e rc i s e  (138), a n d  
m u sc le  g ly co g e n  utilization a r e  i n c r e a s e d  w h e r e a s ,  m u sc le  trig lyceride 
utilization is r e d u c e d  during  e x e rc ise  in th e  h e a t  (114). In addition , s e ru m  
g lu c o s e  c o n c en tra t io n  in c r e a s e s  a n d  s e ru m  trig lyceride c o n c e n t ra t io n  
d e c r e a s e s  during e x e rc is e  in th e  h e a t  (114). T h e re  is a  d ra m a t ic  i n c r e a s e  in 
h e p a t ic  g lu c o s e  r e l e a s e  into th e  b lood  during e x e rc is e  in th e  h e a t ,  which 
cou ld  a c c o u n t  for th e  e le v a te d  s e ru m  g lu c o s e  c o n c e n tra t io n  (114).
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3. Dehydration and Fluid Replacement
O n e  of th e  fac to rs  th a t  affect body t e m p e ra tu re  regula tion  is w a te r  
b a la n c e .  A s th e  env ironm en ta l  t e m p e ra tu re  is in c re a s e d ,  e v a p o ra t io n  c a u s e s  
a  g r e a t e r  h e a t  loss. It s o o n  b e c o m e s  ev iden t  th a t  for a  g iven  e x p o s u re  to a  
w arm  env ironm en t,  th e  body  t e m p e ra tu re  is h ig h er  in hypohyd ra t ion  (a  body  
fluid deficit), th a n  with w a te r  re p la c e m e n t .  In su b m a x im a l  e x e rc is e  in a  w arm  
env iro n m en t,  hypohydration  c a u s e s  a n  i n c r e a s e d  h e a r t  ra te  a n d  d e c r e a s e d  
s tro k e  vo lum e, a n  e leva tion  in in ternal body  te m p e ra tu re ,  a n d  a  d e c r e a s e d  
s w e a t  ra te  of 15 to 2 0 %  (118). During e x e rc ise  in th e  h ea t ,  s w e a t  ou tp u t  often  
e x c e e d s  w a te r  in take, resulting in hypohydration . Th is  deficit is c o m p r ise d  of 
w a te r  l o s s e s  from both th e  in tracellu lar  a n d  ex trace llu la r  fluid c o m p a r tm e n ts .  
H ypohydra tion  during e x e rc is e  c a u s e s  a  g re a te r  h e a t  s to r a g e  a n d  d e c r e a s e d  
e n d u r a n c e  which c a n  b e  a tt r ibu ted  to a  d e c r e a s e d  s w e a tin g  ra te  (ev ap o ra tiv e  
h e a t  loss) , a s  well a s  a  d e c r e a s e d  c u ta n e o u s  b lood  flow (dry h e a t  loss) .
W h e n  body  fluid vo lu m e  is d e c r e a s e d  a s  a  result  of s w e a t  lo ss  during 
p ro lo n g ed  e x e rc ise ,  part  of th e  c a rd ia c  ou tpu t m u s t  b e  d iver ted  to  th e  skin. 
Eventually , th e  resulting p la s m a  hypovo lem ia  a n d  th e  p la s m a  hyperosm ola l ity  
a lert  th e  body  to  th e  fact th a t  its fluid vo lum e is d ropp ing  d a n g e ro u s ly  low. 
A lthough sw e a tin g  a n d  perfus ion  of th e  skin with blood a re  n e e d e d  to 
m ain ta in  a  s a f e  internal body  te m p e ra tu re ,  both  sw e a tin g  a n d  in c r e a s e d  skin 
b lood flow r e p re s e n t  a  lo ss  of fluid from th e  cen tra l  b lood vo lum e. Skin b lood 
flow a n d  s w e a t  ra te  a re  th u s  d e c r e a s e d  in a n  effort to  c o n s e r v e  b o d y  fluid. In 
r e s p o n s e ,  th e  c o re  t e m p e ra tu re  r ise with p re m a tu re  fa tigue  a lm o s t  is inevitab le
(83).
A s d i s c u s s e d  a b o v e ,  body  w a te r  is of critical im p o r ta n c e  to  p ro lo n g e d  
e x e rc is e  in th e  hea t.  W h e n  an  individual h a s  a n  a b u n d a n c e  of b o d y  w a te r ,  it 
is e m p lo y e d  to in c re a s e  e v a p o ra t iv e  cooling a n d  d e fe n d  body  t e m p e ra tu re
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during  e x e rc is e  in th e  h e a t .  C o n v e rse ly ,  w h e n  th e re  is a  s h o r t a g e  of body  
w a te r ,  b lood  v o lu m e  is d e c r e a s e d  a n d  th e  body  w a te r  is c o n s e r v e d  to 
m ain ta in  c a rd io v a s c u la r  stability (113). An a p p ro p r ia te  v o lu m e  a n d  
distribution of body  w a te r  is  n e e d e d  during  e x e rc is e  to  p rovide  for th e  optimal 
dilution of e lec tro ly tes , g lu c o s e ,  h o rm o n e s ,  p ro te ins ,  a n d  o th e r  d is so lv e d  
s u b s t a n c e s  in th e  b lood  a n d  t is s u e s .  F u r the rm ore ,  w a te r  in th e  b lood is 
req u ired  for th e  delivery  of o xygen  a n d  nu tr ien ts  to  working m u s c le s  a n d  a s  
a lre a d y  d i s c u s s e d ,  for th e  t ra n s fe r  of h e a t  from th e  m u s c le s  to  th e  skin to 
p ro m o te  h e a t  d iss ipa tion  by radiation, convec t ion , a n d  e v a p o ra t io n .  T h e  
e v a p o ra t io n  of s w e a t  m ay  b e  th e  only route  ava ilab le  for h e a t  d iss ipa tion  in a  
hot env iro n m en t,  a n d  s w e a t  production  m ay  p la c e  g re a t  d e m a n d s  on body  
w a te r  s to re s .  Finally, in a b s e n c e  of fluid r e p la c e m e n ts ,  th e  lo s s  of w a te r  a n d  
e le c tro ly te s  during  p ro lo n g e d  e x e rc is e  c a n  lead  to  h e a t  e x h a u s t io n ,  h e a t  
c ra m p s ,  a n d  e v e n  h e a t  s troke .  T hus ,  w a te r  m ay  well b e  th e  m o s t  im portan t 
nutrient to b e  c o n s id e r e d  for optimizing p e rfo rm a n c e  in p ro lo n g e d  e x e rc ise .
W hile exerc is ing  in th e  hea t,  a n d  concu rren tly  d eh y d ra t in g ,  drinking 
only to  sa tis fy  thirst will not provide sufficient fluids to m ain ta in  body  fluid 
b a la n c e  (52). P ro lo n g e d  e x e rc is e  in th e  h e a t  without rehydra tion  h a s  b e e n  
s h o w n  to le a d  to p l a s m a  hyperosm ola lity  a n d  p l a s m a  hypovo lem ia .  
Additionally, c o re  te m p e ra tu re  a n d  h e a r t  ra te  in c re a s e ,  a n d  skin b lood  flow 
a n d  s w e a t  ra te  d e c r e a s e  (84). P ro g re s s iv e  rehydra tion  during  e x e rc ise  
d e c r e a s e d  or e v e n  p re v e n te d  th e  h o rm o n e  in c r e a s e  (16). A ccord ing  to th e  
A m erican  C o l leg e  of S p o r ts  M edicine position  s ta n d ,  ind iv iduals  s h o u ld  be  
a w a r e  of p o ss ib le  h e a t  s t r e s s  w h en  a m b ie n t  co n d it io n s  a p p ro a c h  2 8 9C. It is 
a d v is e d  th a t  p ro lo n g e d  e x e rc is e  in s u c h  cond it ions  s h o u ld  b e  a v o id e d  if 
p o ss ib le ,  how ever ,  if e x e rc is e  is pe rfo rm ed , 100  to  2 0 0  ml of fluid s h o u ld  b e  
in g e s te d  during  e v e ry  2 to 3 k ilom eters  run (52).
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P re v io u s  s tu d ie s  on ru n n e rs  found  th a t  fluid c o n s u m p t io n  during  
e x e rc is e  r e p la c e d  only a b o u t  20  to  3 0 %  of th e  fluid lost in s w e a t  (56). Along 
with th e  s w e a t  lo s s e s ,  a  n u m b e r  of b o d y  e lec tro ly tes ,  principally N a + , K+, a n d  
C l '  a re  lost. T h e  la rge  a m o u n ts  of th e  e lec tro ly te s  a n d  body  w a te r  lost p la c e s  
th e  body  u n d e r  s e v e r e  s t r e s s  (52). T he re fo re ,  it is im pera tive  th a t  a th le te s  
r e p la c e  th e  lost fluids to effectively m ain ta in  physio log ica l  h o m e o s t a s i s  while 
e xe rc is ing  in a  w arm  env iro n m en t,  a s  well a s  c ircu m v en t  a  d e c r e a s e  in 
p e r fo rm a n c e .
S p o r ts  dr inks  a re  e i th e r  hypertonic, isotonic, o r  hypotonic . T h e  m ost  
e ff icac ious  form ulation in te r m s  of fluid a b so rp t io n  is e i th e r  an  iso ton ic  o r  a  
hypo ton ic  b e v e ra g e .  An isotonic  so lu tion  is c o m p o s e d  of fluid into which 
norm al b o d y  ce lls  c a n  b e  p la c e d  w ithout c a u s in g  e ith e r  swelling or shrinking.
It is eq u a l  to  0 .9 %  NaCI or a b o u t  a  5 %  g lu c o s e  solution. A hypoton ic  so lu tion  
h a s  a  low so lu te  c o n c e n tra t io n  a n d  th e re fo re  a  high w a te r  c o n c e n t ra t io n  a n d  
c a u s e s  c e lls  to  swell (NaCI<0.9% ). In co n tra s t ,  a  hyperton ic  solu tion  h a s  a  
h igher  th a n  norm al co n c en tra t io n  of so lu te  a n d  c a u s e s  ce lls  to  sh rink  
(N aC I> 0 .9% ).
Significantly m o re  fluid is a b s o r b e d  from a  c a rb o h y d ra te -e le c t ro ly te  
b e v e r a g e  th a n  from plain w a te r ,  both  a t re s t  a n d  during  e x e rc is e  (56). T h e re  
a p p e a r s  h o w e v e r  to  b e  no significant d iffe rence  found  for inges t ing  b e v e r a g e s  
b e tw e e n  2 .5  to  10%  c a rb o h y d ra te -e le c tro ly te  c o n c e n tra t io n  for physio logica l 
in d ic e s  of c a rd io v a s c u la r  function a n d  th e rm o re g u la t io n  during  p ro lo n g e d  
e x e rc is e  in th e  hea t .  All s u b je c t s  m a in ta in ed  h o m e o s t a s i s  w h e n  given  e ith e r  A 
2 .5 %  or 6 %  ca rb o h y d ra te -e le c tro ly te  drink during  a  cycling bou t  of 2 h o u rs  at 
7 5 %  V02max a t  2 1 -0 .  T h e re  w e re  no d if fe ren ces  for h e a r t  rate , s w e a t  rate , 
p l a s m a  v o lu m e  c h a n g e ,  or rectal t e m p e ra tu re  (41).
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Along with e lec tro ly te s ,  s p o r t s  b e v e r a g e s  co n ta in  c a r b o h y d r a te s  in 
s e v e ra l  d ifferent form s, e i th e r  a s  g lu co se ,  fruc to se ,  s u c r o s e ,  o r  g lu c o s e  
p o ly m e rs  (m altodextrins). T h e  p r o c e s s  of th e  a b so rp t io n  of w a te r  by th e  sm all 
in tes tine  is d e p e n d e n t  u p o n  th e  e s ta b l i s h m e n t  of a n  o s m o t ic  g ra d ie n t  which 
favo rs  th e  m o v e m e n t  of w a te r  from th e  in testinal lu m en  into th e  ep ithe lium
(84).
T h e  p r e s e n c e  of g lu c o s e  in a  s p o r t s  drink s t im u la te s  both  s o d iu m  a n d  
w a te r  a b so rp t io n  a n d  e n h a n c e s  fluid a b so rp t io n  from th e  lum en  of th e  sm all 
in tes tine . Early s tu d ie s  ind ica ted  th a t  w a te r  a b so rp t io n  w a s  m ax im ized  w h e n  
luminal g lu c o s e  c o n c en tra t io n  r a n g e d  from 1 to  3 %  (55 to  140 mM), how ever ,  
m ost  s p o r t s  drinks con ta in  2 to 3 t im e s  th is  quan ti ty  w ithout c a u s in g  a d v e r s e  
g as tro in te s tin a l  sy m p to m s .  Increas ing  th e  c o n c e n t ra t io n  of g lu c o s e  in th e  
lum en  to 10%  (550 m o sm )  c a n  c a u s e  fluid s e c re t io n  a n d  gas tro in te s t in a l  
d is t r e s s .  Adding am in o  a c id s  to a  g lu co se -e lec tro ly te  so lu tion  o r  reduc ing  its 
osm ola lity  m ay  a ls o  e n h a n c e  fluid abso rp t io n ,  h o w e v e r  th is  h a s  n e v e r  b e e n  
p roven  (56).
S u c r o s e  is a  s im ple  s u g a r .  In high c o n c e n t ra t io n s  it h a s  b e e n  s h o w n  to 
requ ire  m ore  t im e th a n  w a te r  to e m p ty  from th e  s to m a c h  a n d  b e  a b s o r b e d  into 
th e  b lo o d s t re a m  from th e  sm all in testine. It is how ever ,  rapidly hydro lyzed  to 
g lu c o s e  a n d  fruc tose .  F ru c to s e  m ay  e n h a n c e  g a s tr ic  em p ty ing  (105), h o w e v e r  
it is not a s s o c i a te d  with p e r fo rm a n c e  im provem en t.  F ru c to s e  is a b s o r b e d  by 
facilitated diffusion, a  p r o c e s s  unaffiliated with g lu c o s e  t ra n s p o r t  a n d  
un a ffe c te d  by so d iu m  a n d  o th e r  e lec tro ly tes . T hus ,  it s t im u la te s  slightly le s s  
w a te r  ab so rp t io n  th a n  eq u im o la r  g lu c o s e  a b so rp t io n .  A high f ru c to se  so lu tion  
(10% ) h a s  b e e n  linked to  gas tro in te s t in a l  d i s t r e s s  a n d  d ia r rh ea .
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G lu c o s e  p o ly m ers  p rov ide  g lu c o s e  in th e  form of po lym ers ,  p rov ide  
n e e d e d  e n e rg y ,  a n d  offer th e  po ten tia l a d v a n ta g e  of reduc ing  osm ola lity  a n d  
in c re as in g  th e  quan ti ty  of g lu c o s e  d e liv e red  to  th e  in tes tine .
In addition to  th e  form a n d  c o n te n t  of c a rb o h y d r a te s  in a  sp o r ts  
b e v e ra g e ,  so d iu m  is a lso  a n  in tegral part  of th e  form ulation of th e  drink.
S o d iu m  is requ ired  for g lu c o s e  t ra n sp o rt ,  a n d  ch lo ride  is th e  p re fe r re d  an ion  to 
m ax im ize  fluid a b so rp t io n .  T h e  ra t iona le  for including so d iu m  in a n  oral 
rehydra tion  so lu tion  is to r e p la c e  so d iu m  lost in s w e a t ,  to  p ro m o te  w a te r  
a b so rp t io n  v ia  th e  g lu co se -so d iu m -l in k e d  ca rr ie r  m e c h a n is m ,  a n d  to e n h a n c e  
palatability. H ow ever, e n d u r a n c e  a th le te s  usually  r e p la c e  only 20  to 3 0 %  of 
th e  fluid th ey  lo se  in s w e a t .  T h u s  p la s m a  so d iu m  c o n c e n tra t io n  usua lly  r ise s  
during  e x e rc is e .
T h u s  it c a n  b e  sa id  th a t  th e  p u rp o s e  of a  b e v e ra g e  s h o u ld  b e  to 
e n c o u r a g e  volun tary  fluid c o n s u m p t io n ,  s t im u la te  rap id  fluid a b so rp t io n ,  he lp  
m ain ta in  physio logica l h o m e o s ta s i s ,  a n d  provide e n e rg y  for u s e  by th e  
working m u sc le s .  It is curren tly  be liev ed  th a t  b e v e r a g e s  con ta in ing  b e tw e e n  6 
to  8 %  g lu c o s e  or s u c r o s e  a re  a b s o r b e d  into th e  body  a s  rapidly a s  w a te r ,  but 
unlike w a te r ,  c a n  provide  e n e rg y  to th e  working m u s c le s  th a t  w a te r  c a n n o t .  It 
s e e m s  doubtful th a t  d r inks  con ta in ing  a  5%  c a rb o h y d ra te  so lu tion  c a n  provide  
e n o u g h  e n e rg y  to  e n h a n c e  p e rfo rm a n c e ,  while drinking so lu t io n s  th a t  e x c e e d  
1 0%  c a rb o h y d r a te s  (i.e. s o d a )  a re  often  a s s o c i a te d  with a b d o m in a l  c ra m p s ,  
n a u s e a ,  a n d  d ia r rh ea .  As th e  c a rb o h y d ra te  c o n te n t  of a  b e v e r a g e  in c r e a s e s ,  
its osm ola lity  in c r e a s e s ,  th e re b y  inhibiting its ra te  of g a s tr ic  em pty ing .
D. Summary
T h e  t e m p e ra tu re  regu la to ry  s y s te m  a t te m p ts  to m ain ta in  a  c o n s ta n t  c o re  
te m p e ra tu re  b e tw e e n  3 5 BC  to 4 1 SC. Exercis ing  in th e  h e a t  c r e a t e s  s tre ssfu l  
co n d it io n s  for th e  regu la to ry  s y s te m s .  T h e  m etabo lic  ra te  i n c r e a s e s  a b o v e
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res t ing  leve ls  c rea t in g  a  la rge  h e a t  load  th a t  m ust  b e  d i s s ip a te d  in o rd e r  to  
avo id  a  d e c r e a s e  in p e rfo rm a n c e .
P hysio log ica l  th e rm o re g u la t io n  is con tro lled  th ro u g h  th e  a u to n o m ic  
n e rv o u s  s y s te m  in proportion  to  th e  level of c o re  a n d  skin t e m p e ra tu re .  T h e  
r e s p o n s e s  to a n  in c r e a s e  in c o re  a n d  skin t e m p e ra tu re  during  e x e rc is e  in th e  
h e a t  a re  to in c r e a s e  b lood  flow to th e  skin a n d  in c r e a s e  s w e a t  ra te  in o rd e r  to 
r e m o v e  th e  h e a t  load. T h e  c o re  t e m p e ra tu re  e leva tion  a t  s t e a d y - s t a t e  is in 
proportion  to  th e  m etab o lic  ra te  a n d  is largely  in d e p e n d e n t  of th e  
en v iro n m en ta l  co n d it io n s  if th e  h e a t  load  c a n  b e  d is s ip a te d .
During m u sc u la r  e x e rc is e  in th e  hea t ,  th e  c a rd io v a s c u la r  s y s te m  c a n  
a ls o  b e  c o m p ro m is e d  a n d  th e re fo re  n e e d s  to  su p p ly  sufficient b lood  flow to 
th e  exerc is ing  m u s c le s  to  su p p o r t  th e  in c r e a s e d  m etab o lism , a s  well a s  
in c reas in g  b lood  flow to th e  skin for h e a t  d iss ipa tion . In a  h e a te d  env ironm en t,  
th e  c o re  to  skin te m p e ra tu re  g rad ie n t  is d e c r e a s e d  s o  th a t  sk in  b lood  flow 
n e e d s  to b e  high to  t r a n s fe r  h e a t  for th e rm al  b a la n c e .  H e a t  s t r e s s  c a n  a lso  
d e c r e a s e  c a rd ia c  filling. D ue  to  this circulatory  stra in , th e  c a rd io v a s c u la r  
s y s te m  h a s  c o m p e n s a to r y  r e s p o n s e s  s u c h  a s  a  reduc tion  in s p la n c h n ic  b lood 
flow to allow c a rd ia c  o u tpu t  to b e  d iver ted  a w a y  from th e  a b d o m in a l  v i s c e ra  to 
th e  skin a n d  e xe rc is ing  m usc le .
Adding to  th e  h e a t  s t r e s s  is a  lack  of fluid in take. If sufficient fluids a re  
not in g e s te d  o r  c a rb o h y d ra te -e le c tro ly te  so lu t ions  th a t  h a v e  a  high osm ola lity  
a re  c o n s u m e d ,  g a s tr ic  em pty ing  c a n  b e  d e la y e d  resu lting  in d e h y d ra t io n ,  a  
d e c r e m e n t  in p e r fo rm a n c e ,  a n d  failure in th e rm o re g u la to ry  m e c h a n is m s .  
D ehyd ra tion  limits s w e a tin g ,  p la c e s  s e v e r e  d e m a n d s  on  circulation, 
d e c r e a s e s  e x e rc is e  capac i ty ,  a n d  e x p o s e s  th e  a th le te  to h y p e r th e rm ia .
H e n c e ,  th e  a th le te  n e e d s  to b e  a w a r e  of th e  poten tia l  p r o b le m s  a n d  
ta k e  th e  n e c e s s a r y  p re c a u t io n s  while exerc is ing  in th e  h e a t  for e x te n d e d
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p e r io d s  of t im e. T h e re  a re  se v e ra l  fac to rs  th a t  a r e  im portan t  w h e n  
e n c o u n te r in g  th is  s t r e s s .  A cco m p an y in g  deh y d ra t io n ,  p ro b ab ly  th e  m o s t  
im portan t  fac to r  th a t  d e c r e a s e s  p e r fo rm a n c e  in hot w e a th e r  e x e rc ise ,  is w a te r  
lo ss  from th e  skin a n d  resp ira to ry  s u r f a c e s ,  a  d e c r e a s e  in b lood  vo lum e, a n d  
a n  in c r e a s e  in c o re  a n d  skin te m p e ra tu re .  T he re fo re ,  for optim al p e r fo rm a n c e ,  
r e p la c e m e n t  of lost fluids is e s se n t ia l  to  rem ain  well hyd ra ted .  R eh y d ra tio n  
with w a te r  will rapidly dilute th e  b lood  a n d  s t im u la te  a n  i n c r e a s e  in urine 
output,  th e re b y  d e c re a s in g  th e  possibility of h e a t  i l ln esses .
T h e re fo re ,  p ro p e r  fluid r e p la c e m e n t  before , during , a n d  a f te r  physica l  
activity is n e c e s s a ry .  Ideally, th e  a th le te  s h o u ld  c o n s u m e  a b o u t  2 .5  c u p s  of 
fluid 2 h o u rs  befo re  e x e rc ise ,  1 c u p  e v e ry  15 to  20  m in u tes  during  th e  activity, 
a n d  a f te r  e x e rc ise ,  a b o u t  2  c u p s  of fluid for e a c h  p o u n d  of b o d y  w e igh t lost. 
Drinking a  b e v e r a g e  con ta in ing  6 to 8 %  g lu c o s e  o r  s u c r o s e  a lo n g  with so d iu m  
will he lp  to rep len ish  th e  lost fluids a s  well a s  providing a  s o u r c e  of e n e rg y  for 
th e  working m u sc le s .
IV. Caffeine
C affe ine  in take  is c o m m o n  th ro u g h o u t  th e  world a n d  frequen tly  it is 
in g e s te d  by a th le te s  prior to  participating in p ro lo n g e d  e x e rc is e  activities. 
C affe ine  is found  in m a n y  s o u r c e s  of fo o d s  a n d  d rinks  a n d  h a s  a  m ultitude of 
ph a rm aco lo g ica l  ac tions .  In la rge  d o s e s ,  it is c la ss if ied  a s  a  s tim u lan t  a n d  h a s  
prev iously  b e e n  s tu d ie d  to h a v e  p o ss ib le  e rg o g e n ic  ac tions .  C affe ine  w a s  first 
e x tra c te d  from p lan ts  in th e  1 8 2 0 's  by a  G e rm a n  sc ien tis t,  Friedlieb  R u n g e .
T h e  s tim ula tory  e ffec ts  of caffe ine  a n d  th e  a ro m a  of co ffee  a re  th e  2 m ain  
r e a s o n s  for ca ffe in e 's  popularity. T h e  t a s t e  a n d  g e n e ra l  desirability  of a  
h e a te d  b e v e ra g e  a re  2 m inor r e a s o n s  (123).
C affe ine  is c o n s id e re d  a  relatively s a f e  drug, how ever ,  e x c e s s e s  of 
ca ffe ine  c a n  b e  toxic a n d  both  acc id e n ta l  a n d  in tentional po iso n in g  h a v e
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o c c u rre d .  O v e r in d u lg e n ce  m ay  lead  to a  cond ition  th a t  might b e  c o n s id e re d  
o n e  of long-term  po ison ing  (99). C affe ine  c a n  c a u s e  d e a th  if ta k e n  in d o s e s  
rang ing  from 3 to 10 g r a m s  in adu lts ,  a n d  100  mg of ca ffe ine  p e r  kilogram  of 
body  w eigh t in infan ts  a n d  children. D o s e s  a t  t h e s e  leve ls  a r e  difficult to 
a c h ie v e  e x c e p t  w h e n  e x c e s s iv e  q u a n ti t ie s  of c a ffe in e -co n ta in in g  p rescrip tion  
or non-p resc rip tion  m ed ic a t io n s  a re  c o n s u m e d .  D o s e s  of c a ffe in e  large  
e n o u g h  to in d u ce  d e a th  from caffe ine -con ta in ing  b e v e r a g e s  m o s t  likely would  
c a u s e  gas tr ic  irritation a n d  vomiting b e fo re  c o n c e n t ra t io n s  c a n  b e c o m e  life 
th re a te n in g  (78).
A. Metabolism of Caffeine
T he  m etabo lic  e f fec ts  of ca ffe ine  include  distr ibution a n d  elim ination 
from th e  body, toxicity, to le ra n c e ,  a n d  e ffec ts  of w ithdrawal.
1. Absorbance
C affe ine  rapidly e m p t ie s  from th e  s to m a c h ,  a n d  is a b s o r b e d  readily  
from th e  gas tro in tes tina l  tract. T h e  g a s tro in te s tina l  t ra c t  a b s o r b s  m o re  th an  
9 9 %  of in g e s te d  caffe ine  a n d  within m in u tes  it is d is tr ibu ted  to  all t i s s u e s  a n d  
o rg a n s .  S e v e ra l  s tu d ie s  h a v e  d e te rm in e d  th a t  m o s t  ca ffe ine  is d e g r a d e d  
enzym atica lly  in th e  liver with 0 .5%  to 3 .5 %  of a n  a d m in is te re d  d o s e  e x c re te d  
u n c h a n g e d  (a s  pu re  caffe ine)  in urine (29, 43). It is m ainly m e ta b o liz e d  in th e  
liver (cy toch rom e  P -450  m o n o x id a se )  a n d  th e  h e p a t ic  c le a r a n c e  is strictly 
d e p e n d e n t  upon  h e p a t ic  b lood  flow. T h e  liver d e m e th y la te s  a n d  c o n v e r ts  
caffe ine  to the  m etabo li te s  1-methyl uric acid  a n d  1-methyl xan th ine .  At rest, 
ca ffe ine  elimination is re la ted  to body  w eigh t a n d  is identical in m e n  a n d  
w o m en . E x e rc ise  l e a d s  to a  s lowing of caffe ine  c a ta b o lism , p robab ly  d u e  to a  
d e c re a s in g  he p a t ic  b lood  flow. T he  influence  of e x e rc is e  u p o n  urinary  
elimination m ay  vary  with th e  in tensity  of effort. In addition  to  m etabo lic
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c o n v e rs io n  a n d  urinary  excre tion , ca ffe ine  is a ls o  e x c re te d  into sa liva , s e m e n ,  
f e c e s ,  b r e a s t  milk, a n d  is p r e s e n t  in umbilical co rd  b lood  (40, 78).
2. Half-life
T h e  distribution of caffe ine , within 1 h o u r  of in take, is in p roportion  to  th e  
t i s s u e  w a te r  c o n te n t  of th e  body  a n d  c o n s e q u e n t ly  m u sc le  t i s s u e  h a s  th e  
g r e a t e s t  c o n c e n t ra t io n s  of caffe ine .  After ingestion , p e a k  p l a s m a  leve ls  h a v e  
b e e n  found  to  va ry  b e tw e e n  15 to  120 m inu tes  (1, 29, 43, 49, 69, 78, 93), 
r e g a r d le s s  of th e  level of ca ffe ine  c o n s u m e d .  T h e  biological half-life, th e  tim e 
requ ired  for th e  p la s m a  level to  fall to half its p e a k  va lue ,  h a s  a ls o  b e e n  found  
to  va ry  g rea t ly  b e tw e e n  individuals. T he  ra te  of b io transfo rm ation  is fairly 
uniform a n d  h a s  b e e n  re p o r te d  to  r a n g e  b e tw e e n  1 a n d  12 hou rs ,  h o w e v e r  
p rev io u s  s tu d ie s  h a v e  no ticed  th e  half-life to a v e r a g e  3 .5  h o u rs  (15%  
m e ta b o liz ed  p e r  hour) (1, 5, 20, 40, 43, 65, 69, 78, 93, 97, 99, 104, 120, 123,
129).
3. Tolerance
T h e  e ffec ts  of ca ffe ine  m ay  b e  variab le , d e p e n d in g  u p o n  o n e 's  
d e v e lo p e d  to le ra n c e  for th e  drug. Individuals w ho  n e v e r  drink co ffee  or 
c a f fe in a te d  b e v e r a g e s  m ay  e x p e r ie n c e  a d v e r s e  s id e  e ffec ts  a f te r  inges tion . 
R o b e r tso n  e t  al. (104), Colton e t  al. (28), a n d  F ish e r  e t  al. (50) h a v e  
d e m o n s t r a t e d  th a t  habitual caffe ine  u s e r s  d e v e lo p  a  to le r a n c e  to ca ffe ine  with 
r e s p e c t  to  its e ffec ts  on res ting  b lood  p re s s u r e  a n d  h e a r t  rate . Habitual 
ca ffe ine  u s e r s  a ls o  h a v e  exh ib ited  to le ra n c e  to c a f fe in e 's  e f fec ts  on  p la s m a  
a n d  urinary  c a te c h o la m in e s  (104), d iu res is ,  a n d  paro tid  g land  se c re t io n  (44).
Th is  to le r a n c e  m ay  d e v e lo p  a f te r  1 to 4  d a y s  of regu la r  ca ffe ine  c o n su m p t io n  
of 2 5 0  mg thrice  daily (69). F u r the rm ore ,  s o m e  d e g r e e  of physica l  
d e p e n d e n c e  co m m o n ly  d e v e lo p s  a f te r  th e  daily inges t ion  of g r e a t e r  th a n  400  
to  6 0 0  mg of caffe ine  for 1 to  2  w e e k s  (70).
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4. Withdrawal
According  to  F isher  e t  al. (50), to  m agnify  th e  e ffe c ts  of caffe ine , habitual 
u s e r s  (g re a te r  th a n  6 0 0  m g/day) s h o u ld  d e p a r t  from ca ffe in e  u s e  for a t  le a s t  4 
d a y s .  Th is  w ithdraw al will r e s e n s i t iz e  a n  individual to  c a f fe in e 's  physio log ic  
e ffec ts ,  but m ay  result  in c o m p la in ts  of h e a d a c h e ,  n a u s e a ,  anx ie ty  a n d  
irritability. C affe ine  inges t ion  a f te r  a  w ithdraw al period  c a n  significantly  
e le v a te  res t ing  o x y g en  c o n s u m p t io n  in hab itua l  a n d  n o n -h a b i tu a l  ca ffe ine  
u s e r s  (1, 8, 50).
B. Dietary Sources
C affe ine  is a n  alkaloid, a  c o m p o u n d  d e r iv ed  from 63  s p e c i e s  of p lan ts ,  
including co ffee  b e a n s ,  t e a  le a v e s ,  kola  nuts,  a n d  c o c o a  b e a n s  (137). It is 
legally c lass if ied  a s  a  d rug , a n d  a t  a  urine level of 15 pg/m L, which is 
eq u iv a len t  to  5 to 6 c u p s  of s trong  co ffee  within a  1 to 2 h o u r  period  (500  to 
6 0 0  mg), it is c a te g o r iz e d  a s  a n  illegal a n d  b a n n e d  s u b s t a n c e  by  th e  
In ternational Olym pic C o m m ittee .  A norm al th e ra p e u t ic  d o s e  of 100  to  3 0 0  mg 
(1 to  3 m g/kg) is eq u a l  to  1 c u p  of p e rk e d  co ffee , with d o s e s  g r e a t e r  th a n  250  
mg re fe rred  to a s  "large" (123). S e e  T a b le  1 be low  for c o m m o n  c o n s u m e d  
d o s a g e s  of caffeine.
C. Structure and Function
C affe ine  is 1 of 3 x a n th in e  de riva tives  th a t  h a v e  s im ilar  physio logica l 
reac tions .  X an th ine  itself is a  d ioxypurine  a n d  is r e la te d  to uric a c id  in 
s truc tu re .  D ue  to s truc tura l similarities of th e  3 deriva tives ,  x a n th in e  is th o u g h t  
to facilitate th e  u s e  of uric ac id  a n d  p u r in e s  in th e  body  (69). T h e  o th e r  2 
xa n th in e  d e r iv a tiv es  inc lude  theophy ll ine  a n d  th e o b ro m in e  w hich  a re  found  in 
t e a  a n d  c o c o a  respec tive ly . All 3 a r e  readily a b s o r b e d  a f te r  oral, rectal, o r  
p a re n te ra l  adm in is tra t ion , h o w e v e r  it a p p e a r s  th a t  ca ffe ine  is a b s o r b e d  fa s te r  
by th e  oral rou te  (123).
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T a b le  1. C affe ine  c o n te n t  of b e v e ra g e s ,  food, a n d  d rug  p re p a ra t io n s
ITEM C a ffe in e (m g ) ITEM C affe in e (m g )
C offee  (5 oz  cup) Soft Drinks (12oz)
Drip m e th o d 1 1 0 -1 5 0 M ounta in  D ew 5 4
P e r c o la te d 6 4 - 1 2 4 Mellow Yellow 5 2
Instan t 4 0 - 1 0 8 TAB 4 6
D e c a f fe in a te d 2 -5 C o c a -C o la  & Diet C o k e 4 6
T e a  (5 oz  cud) S h a s t a  C o la 4 4
1-min b rew 9 -3 3 Mr. Pibb 4 0
3-m in b rew 2 0 -4 6 D r .P e p p e r 4 0
5-m in b rew 2 0 -5 0 Diet Dr. P e p p e r 4 0
Instan t  t e a 12 -2 8 P e p s i  C o la 3 8
Iced t e a  (12 oz) 2 2 -3 6 Diet P e p s i 3 6
C o c o a P e p s i  Light 3 6
M a d e  from mix (12 oz) 6 W eiah t-C on tro l  Aids
Milk C h o c o la te  (1 oz) 6 D exatr im 2 0 0
Baking ch o c .  (12 oz) 3 5 P ro la m in e 1 4 0
P a in  R e liev e rs D iure tics
V a n q u is h 3 3 A q u a  B an 1 0 0
A nac in 3 2 P re sc r ip t io n  D ru a s
E xced rin 6 5 C a fe rg o t 1 0 0
Midol 3 2 D arvon  C o m p o u n d 3 2
Plain Aspirin 3 0 Fiorinal 4 0
C old  R e m e d ie s M igra lam 1 0 0
C o ry b a n -D 3 0 S t im u la n ts
D ris tan 0 N oD oz  T a b le t s 1 0 0
Triam inicin 3 0 Vivarin T a b le t s 2 0 0
A d a p te d  from Wilcox, A. R. (136).
C affe ine  in take  o c c u rs  a s  a  resu lt  of inges t ion  of coffee, te a ,  c o c o a ,  
c h o c o la te ,  c o la  drinks, a s  well a s  aspirin , " s ta y -a w ak e "  p re p a ra t io n s  (over- the-  
c o u n te r  s t im u lan ts )  a n d  d iet  pills. C urren tly  th e  FD A 's National C e n te r  for 
D rugs  a n d  Biologies lists m o re  th a n  1000  o v e r - th e -c o u n te r  d ru g s  a s  having  
ca ffe ine  a s  a n  ing red ien t (69). T a b le  2 be low  lists c o m m o n ly  c o n s u m e d  
biological d o s a g e s .  C o ffee  a c c o u n t s  for a b o u t  7 5 %  of all ca ffe ine  c o n s u m e d  
in th e  U.S. a n d  is c o n s id e r e d  th e  m o st  p o p u la r  a n d  widely c o n s u m e d  d rug  in 
t h e  world.
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T a b le  2. C affe ine  d o s e s  a n d  e q u iv a le n ts  in urine.
Item D o se  (mg) E qu iva len t  in Urine 
within 2-3  h o u rs  (pg/ml)
Vivarin 2 0 0 3 .0 0
1 C u p  of coffee , N oD oz 1 0 0 1 .50
1 E xcedrin 6 5 0 .9 7
C o c a -C o la ,  Diet C o k e ,  TAB 4 5 -4 7 0 .7 0
1 Midol, ARC, Anacin , 
P e p s i  Light, Diet P e p s i ,  
P e p s i ,  Dr. P e p p e r
3 2 -4 0 0 .5 0 -0 .6 0
D e c a ffe in a te d  C offee 2-3 0 .0 3 -0 .0 4
A d a p te d  from Wilcox, A.R. (136).
C affe ine  is th e  lea s t  p o ten t  of th e  x a n th in e s  in its p h a rm aco lo g ica l  
a c t io n s  on  c a rd ia c  s tim ulation, c o ro n a ry  dilation, d iu re s is  a n d  s m o o th  m u sc le  
relaxation. H ow ever, it is th e  m o s t  powerful in its ac tion  in stim ula tion  of 
ske le ta l  m u sc le s ,  th u s  in c reas in g  o n e 's  c a p a c i ty  to  do  m u sc u la r  w ork  (123). A 
sm all d o s e  of 50  mg of caffe ine  is typically requ ired  to p ro d u c e  
p h a rm a co lo g ica l  a c t io n s  on  th e  cen tra l  n e rv o u s  s y s te m  (123), s u c h  a s  
i n c r e a s e d  a le r tn e s s ,  relief from fatigue, a n d  in c re a s e d  resp ira tion .
C affe ine  m ay  e n h a n c e  p e rfo rm a n c e  only w h e n  s e ru m  leve ls  a re  
sufficient to  p r o d u c e  FFA m obilization a n d  a  c o r re s p o n d in g  rise in glycerol 
levels . Both of t h e s e  a l te ra t ions  could  result  in a  shift in s u b s t r a te  utilization 
w hich would  b e  ref lec ted  in a  low er resp ira to ry  quo tien t  (21). Specif ic  
r e s e a rc h  reg a rd in g  ca ffe ine  a n d  e x e rc is e  p e rfo rm a n c e  will b e  d i s c u s s e d  la te r  
in th e  s e c t io n  on  p e rfo rm a n c e .
D. Mechanism of Action/Biochemistry
P re v io u s  s tu d ie s  h a v e  d e te rm in e d  th e re  a r e  3 m ajo r  m e c h a n is m s  for 
th e  ac tion  of caffe ine . T he  first is th e  a u g m e n ta t io n  of th e  twitch r e s p o n s e  in 
s k e le ta l  m u sc le ;  ca ffe ine  i n c r e a s e s  th e  mobilization of ca lc ium  from th e  
s a rc o p la s m ic  reticulum  a n d  th e re b y  a ffec ts  con trac tion . M ost likely th is  is d u e
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to  a n  in c r e a s e d  sens i t iz a t io n  of th e  m e c h a n is m  re s p o n s ib le  for ca lc ium  
r e l e a s e  or to  a n  in c r e a s e d  perm eabil ity  of th e  s a rc o p la s m ic  reticulum  (29).
T he  s e c o n d  is th a t  caffe ine  inhibits th e  e n z y m e  cyclic AM P (cAMP) 
p h o s p h o d ie s t e r a s e  which is re sp o n s ib le  for th e  b rea k d o w n  of cAM P. 
P roduction  of ce llu la r  cA M P m ay  b e  a c c e le r a te d  by a  n u m b e r  of h o rm o n e s ,  
n e u ro tran sm it te rs ,  a u ta c o id s ,  a n d  h a s  m an y  im portan t ro les  a s  a  m ed ia to r  of 
ce llu lar  activities. By inhibiting cA M P p h o s p h o d ie s t e r a s e ,  ca ffe in e  c a u s e s  
cA M P to a c c u m u la te  in ce lls ,  e x a g g e ra t in g  ho rm ona l  r e s p o n s e s  including 
blood p re s s u re ,  c a te c h o la m in e  r e le a s e ,  cen tra l  n e rv o u s  s y s te m  activity, 
lipolysis, a n d  renin r e l e a s e  (29).
T h e s e  2 m e c h a n is m s  h a v e  recently  b e e n  criticized b e c a u s e  th ey  h a v e  
b e e n  found  to o c c u r  only w h e n  d o s e s  of ca ffe ine  a re  significantly h igher  than  
th o s e  a tta in ab le  in vivo (29). T he refo re ,  th e  third a n d  m ore  favo red  
m e c h a n is m  invo lves  com peti t ive  a n ta g o n is m  a t  e x trace l lu la r  a d e n o s in e  
recep to rs .  A d e n o s in e  e x e r t s  its inhibitory e ffec ts  th rough  A-| rec e p to rs .  T h e s e
e ffec ts  include inhibition of a d e n y la te  c y c la se ,  t h e  e n z y m e  re s p o n s ib le  for th e  
rapid production  of cA M P in r e s p o n s e  to c a te c h o la m in e  stim ula tion . C affe ine  
is a n  a n ta g o n is t  to  A-| r ec e p to rs ,  th u s  it b locks  th e  inhibitory effect of
a d e n o s in e  a n d  c a u s e s  a n  in c r e a s e  in cAM P.
E. Physiological Effects
C affe ine  a p p e a r s  to h a v e  physio logic  e ffec ts  on  m an y  s y s te m s  of th e  
body. It is a  powerful cen tra l  n e rv o u s  s y s te m  s tim ulan t a n d  h a s  a n  effec t  on 
lipolysis a n d  th e rm o re g u la t io n .  It a lso  in f lu en ces  th e  c a rd io v asc u la r ,  
resp ira tory , a n d  e n d o c r in e  s y s te m s  a s  well a s  th e  k idneys  a n d  poss ib ly  certa in  
g lan d s .  T h e  d rug  readily c r o s s e s  th e  b lood brain barr ier  a n d  a c t s  directly on 
th e  vaga l,  m edullary , a n d  v a s o m o to r  c e n te r s .  Small a m o u n ts  of ca ffe ine  m ay 
a lso  c h a n g e  both th e  resp ira to ry  ra te  a n d  m etabo lic  rate . C affe ine  h a s  b e e n
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a s s o c i a te d  with an  i n c r e a s e d  risk of m yocard ia l infarction a n d  h a s  b e e n  
s h o w n  to p re d i s p o s e  c a rd ia c  t i s s u e  to  e x tra s y s to le s  (103). F u r the r  
physio log ica l  r e s p o n s e s  m ay  inc lude  i n c r e a s e s  in u rine  p roduction  a n d  h igher  
b lood s u g a r  levels  (69, 123). C affe ine  c o n su m p t io n  c a n  a ls o  affec t th e  cortex , 
m edulla , a n d  sp inal  cord  (29). O th e r  e ffec ts  of ca ffe ine  inges t ion  which m ay  
p rove  benefic ia l  while u n d e r ta k in g  e n d u r a n c e  e x e rc is e  inc lude  h y p e rg ly c em ia  
(26, 71, 131), e le v a te d  o x y g e n  u p tak e  (67), vasod ila tion  (79, 102), a  r e d u c e d  
ac tivation  th re sh o ld  (132), in c r e a s e d  r e le a s e  of a ce ty lcho line  (12), in c r e a s e d  
r e l e a s e  of ca lc ium  ions from th e  s a rc o p la s m ic  reticulum  (12, 15) a n d  
m yocard ia l  s tim ula tion  (25, 55).
1. Elevated Intake
High ca ffe ine  c o n su m p t io n  ("caffeinism") c a n  p ro d u c e  s y m p to m s  th a t  
a r e  ind is t ingu ishab le  from t h o s e  of anx ie ty  n eu ro s is ,  s u c h  a s  r e s t l e s s n e s s ,  
n e r v o u s n e s s ,  irritability, t r e m u lo u s n e s s ,  ex c i tem e n t ,  o c c a s io n a l  m u sc le  
twitching, in som nia ,  s e n s o r y  d is tu rb a n c e s ,  ram bling flow of though t,  
ta c h y p n e a ,  pa lp ita t ions , flushing, a rrhy thm ias ,  d iu res is ,  a n d  gas tro in te s t in a l  
d i s tu r b a n c e s  (70, 120, 123). In addition, th e re  m ay  a ls o  b e  a n  in c r e a s e  in 
neu ra l  excitability, p oss ib ly  by reduc ing  th e  th re sh o ld  of m o to r  n e u ro n s ,  a n d  
th e r e b y  altering fiber rec ru itm en t  p a t te rn s  a n d /o r  th e  p e rc e iv e d  exert ion  of 
e x e rc is e  (129).
2. Central Nervous System Effects
S tu d ie s  h a v e  s h o w n  th a t  caffe ine  stim ulation of th e  cen tra l  n e rv o u s  
s y s te m  re su l te d  in in c r e a s e d  n o rep in e p h r in e  tu rn o v e r  a n d  e le v a te d  leve ls  of 
c irculating c a te c h o la m in e s  from a d re n a l  s tim ulation. S tim ula tion  of th e  
c e re b ra l  co rtex  by caffe ine  resu l ts  in a  m ore  rapid a n d  c le a re r  flow of though t,  
im proved  intellectual effort, e n h a n c e d  m en ta l  acuity , a n d  re d u c e d  fa t igue  a n d  
d r o w s in e s s  (69).
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3. Cardiovascular Effects
T h e  physio logical effec t of ca ffe ine  stim ulation on th e  c a rd io v a s c u la r  
s y s te m  inc ludes  in c r e a s e s  in th e  fo rce  of con trac tion , h e a r t  rate , c a rd ia c  
output, s tro k e  vo lum e, a n d  a -V 0 2  d ifference. T h e  caffe ine  effec t is often 
m a s k e d  b e c a u s e  th e  d rug  a ls o  s t im u la te s  th e  m edulla ry  v a g a l  nuclei w hich in 
turn, d e c r e a s e s  th e  hea r t  ra te .  T h e  result  of t h e s e  2 o p p o s in g  a c t io n s  m a y  b e  
b rad y c a rd ia ,  tac h y c a rd ia ,  o r  no c h a n g e .  C affe ine  d i la te s  th e  co ronary ,  
pu lm onary , a n d  g e n e ra l  s y s te m ic  b lood  v e s s e l s  by c a u s in g  a  re laxation  of th e  
s m o o th  m u sc le  in th e  v e s s e l  walls. It m ay  a lso  c a u s e  constr ic t ion  of b lood 
v e s s e l s  by stim ulating th e  m edulla ry  v a s o m o to r  c e n te r .  In th e  brain, th e  
x a n th in e s  c a u s e  a  constric tion  of th e  b lood v e s s e l s  with a  reduc tion  in 
c e re b ra l  b lood flow (29, 67, 120).
P a ra s y m p a th e t ic  a n d  sy m p a th e t ic  n e rv o u s  s y s te m  contro l of th e  
c a rd io v a s c u la r  s y s te m  a lo n e  or in com b ina tion  is s t im u la te d  by ca ffe ine  during  
res t  (28). C affe ine  m ay  ac t  to r e d u c e  v a so co n s tr ic t io n  a n d  in c r e a s e  m u sc le  
b lood  flow s in c e  both ca ffe ine  a n d  ep in e p h r in e ,  which is e le v a te d  by caffe ine , 
ac t  to  r e d u c e  pe riphera l  re s is ta n c e .  C affe ine  m ay  b e  ac ting  cen tra lly  to 
m ain ta in  b lood  p r e s s u r e  by slightly in c re as in g  c a rd ia c  o u tpu t  a n d  a ls o  ac ting  
locally to  r e d u c e  r e s i s ta n c e  v e s s e l  activity allowing for g r e a t e r  m u sc le  b lood 
flow. This  in c re a s e  in o x y g e n  su pp ly  m ay  a c c o u n t  for a n  in c r e a s e  in V02max 
(128). In addition, G o rd o n  et al. (58) found  no e le c tro c a rd io g ra p h ic  
a b n o rm a li t ie s  a n d  no in c r e a s e  in h e a r t  ra te  o r  c a rd ia c  ou tpu t  with ca ffe ine  
adm in is tra t ion . T h e y  c o n c lu d e d  th a t  caffe ine  is a  relatively s a f e  d ru g  at 5 
m illig ram s/k ilogram /body w eigh t/m inu te  (ml/kg) for u s e  a s  a n  e rg o g e n ic  a id  for 
a th le te s ,  d u e  to th e  fact th a t  th e re  w a s  no a d v e r s e  e ffec ts  in c a rd ia c  function or 
on th e  th e rm o re g u la to ry  sy s te m .
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4. Endocrine System and Effects on Substrate Utilization
C affe ine  a lso  h a s  s o m e  influence  on  th e  e n d o c r in e  s y s te m .
E p in e p h rin e  c a n  h a v e  m a n y  d iv e r s e  m etab o lic  e ffec ts ,  including stim ula tion  of 
h e p a t ic  g lyco g en o ly s is ,  a d ip o c y te  lipolysis, a n d  sk e le ta l  m u sc le  
g ly co g en o ly s is  (6). T h e  in c r e a s e  in cA M P by ca ffe ine  re s u l ts  in a n  i n c r e a s e  in 
th e  activity of th e  e n z y m e  p h o s p h o k in a s e ,  w hich in tu rn  s t im u la te s  th e  
c o n v e rs io n  of p h o s p h o ry la s e  b  into th e  ac tive  form, p h o s p h o ry la s e  a. T h e  
ac tive  form c o n v e r ts  g ly co g e n  to  g lu c o s e  1-p h o s p h a te .  T h u s ,  th e  r ise in th e  
leve ls  of g lu c o s e  1- p h o s p h a te  i n c r e a s e s  th e  r a te s  of reac tion  in th e  K rebs  
cycle , th e  E m b d e n -M e y erh o ff  glycolytic p a th w a y  a n d  th e  h e x o s e  
m o n o p h o s p h a te  s h u n t ,  a n d  l e a d s  to  a n  in c r e a s e  in o x y g en  c o n s u m p t io n  a n d  
a  d e c r e a s e  in g lu c o s e  to le r a n c e  (123). C a f fe in e - in d u c e d  increases in b lood  
c a te c h o la m in e  levels  a c t  on  th e  cell m e m b r a n e  to  a c t iv a te  a d e n y l  c y c la se ,  
w hich in tu rn  i n c r e a s e s  in tracellu lar  cA M P (129). C a te c h o la m in e s  a lso  
in c re a s e  th e  c o n c en tra t io n  of cyclic 3', 5 '-AM P in a d ip o s e  t i s s u e  but by a  
d ifferent m e c h a n is m .  T h e  cyclic 3', 5 '-AM P in c r e a s e s  ce llu lar  l ip a se  a n d  
lipolysis a n d  is th e re fo re  a ls o  th e  a p p a r e n t  m e d ia to r  of c a te c h o la m in e  lipolysis 
(9). T h e  in c r e a s e  in c a te c h o la m in e s  c a u s e s  a  c o n c u r re n t  in c r e a s e  r e l e a s e  of 
FFA a n d  th e re fo re  i n c r e a s e d  s e ru m  lipid a n d  lipoprotein leve ls  (130).
In vitro s tu d ie s  h a v e  s u g g e s t e d  th a t  caffe ine  m ay  inhibit p h o s p h o ry la s e  
a  (74) a n d  s t im u la te  in tra m u sc u la r  trig lyceride b r e a k d o w n  e i th e r  directly  (39) 
or indirectly (100). T h u s  d u e  to cen tra l  n e rv o u s  s y s te m  s tim ula tion  a n d  
inhibition of p h o s p h o d ie s t e r a s e  activity, ca ffe ine  inges t ion  re su l ts  in a n  
in c r e a s e d  FFA mobilization 1 to 2 h o u rs  p o s t  inges tion  (9, 135). In c re a se d  
FFA m obilization h a s  b e e n  tied  to  th e  s p a r in g  of m u sc le  g lycogen .
In addition to ca ffe ine  a n d  e p in e p h r in e  s tim ula ting  FFA r e l e a s e  from 
a d ip o s e  t is s u e ,  i n c r e a s e s  in b a s a l  m e tab o lic  ra te , res t ing  m etab o lic  rate ,
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urinary  c a te c h o la m in e  a n d  urine vo lu m e  h a v e  b e e n  s tu d ie d  (130). A c h e s o n  
e t  al. (1) rep o r ted  a n  a v e r a g e  16%  in c r e a s e  in b a s a l  m e tab o lic  ra te  with 8 
m g/kg, a n d  a  d o s e  of 4 m g/kg  in c r e a s e d  th e  b a s a l  m e tab o lic  ra te  10-12% .
J u n g  e t  al. (72) rep o r ted  a n  in c re a s e  in b a s a l  m etabo lic  ra te  for a t  l e a s t  2 
h o u rs  in both  le a n  a n d  o b e s e  s u b je c t s  following inges t ion  of caffe ine .
C affe in e  inges t ion  c a u s e d  in c r e a s e d  p la s m a  e p in e p h r in e  c o n c e n t ra t io n  in 
res t ing  s u b je c t s  specifically , w h e r e a s  n o re p in e p h r in e  c o n c e n t ra t io n s  w e re  
only slightly a l te re d ,  th u s  n o re p in e p h r in e  a n d  e p in e p h r in e  a c te d  
in d ep e n d e n tly .  G ra h a m  et al. (59) found  th a t  ca ffe ine  inges t ion  (5 m g/kg) by 
no n c a ffe in e  u s e r s  specifically , i n c r e a s e d  p la s m a  e p in e p h r in e  in s u b je c t s  w ho  
p e rfo rm e d  mild e x e rc ise .  In c o n tra s t ,  F is h e r  e t  al. (50) r e p o r te d  i n c r e a s e s  in 
p la s m a  n o rep in e p h r in e  in ca ffe in e  u s e r s  a f te r  60  m in u te s  of m o d e r a te  
e x e rc is e  following caffe ine  inges tion . In addition, T a rn a p o ls k y  e t  al. (124) 
found  no c h a n g e s  in r e s p o n s e  to caffe ine  inges tion  (6 m g/kg) in ca ffe ine  u s e r s  
in e p in e p h r in e  or n o re p in e p h r in e  during  90  m in u te s  of treadm ill  runn ing  a t  
7 0 %  V02max- LeB lanc  e t  al. (77) c o n c lu d e d  th a t  t ra in ed  s u b je c t s  r e s p o n d e d  to 
ca ffe ine  inges tion  at res t  with a  g r e a t e r  i n c r e a s e  in e p in e p h r in e  th a n  u n tra in ed  
su b je c ts .
R e g a r d le s s  of th e  m e c h a n is m ,  B a n g s b o  e t  al. (6) d e m o n s t r a t e d  th a t  a  6 
w e e k  habitua l in c re a s e  (500  mg b e fo re  e a c h  run) in ca ffe ine  inges t ion  by 
ac tive  s u b je c t s  re su l te d  in a  d e c r e a s e d  e p in e p h r in e  se c re t io n  du ring  s te a d y -  
s ta t e  e x e rc is e  a n d  a n  in c r e a s e d  fat m etabo lism , s u g g e s t in g  th a t  s o m e  
hab itua tion  o c c u rre d .  T h e re  w a s  no e v id e n c e  th a t  th is  e p in e p h r in e  s e c re t io n  
a n d  fat m e ta b o lism  c a u s e d  a n y  a d a p ta t io n  in e n z y m e  activity within th e  
m etabo lic  p a th w a y  for fat a n d  c a rb o h y d ra te  c a ta b o lism  in th e  sk e le ta l  m usc le .
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5. Thermoregulatory Effects
C affe ine  m ay  a lso  h a v e  a n  effec t on  th e  s w e a t  g lan d  (49). S w e a t  g land  
activity m ay  b e  directly s t im u la te d  by caffe ine , th u s  in c re as in g  m e a n  s w e a t  
ra te  a n d  w a te r  loss . G o rd o n  e t  al. (58) how ever ,  c o n c lu d e d  th a t  ca ffe ine  in 
r e a s o n a b le  d o s a g e s  (5 m g/kg in take  1 h o u r  prior to  2 h o u rs  of running  a t  8 9 %  
V02max) h a d  no  a d v e r s e  e ffec ts  upon  the rm o reg u la t io n .  T h e re  w e re  no 
significant d i f fe re n c es  for s w e a t  loss , w a te r  deficit, p e rc e n t  c h a n g e  in p la s m a  
vo lum e, s e ru m  e lec tro ly te  loss , o r  final rectal te m p e ra tu re .
A la rge  ca f fe in e - in d u c e d  d iu re s is  m ay  c o m p ro m is e  th e  c ircu la tory  a n d  
s w e a t  r e s p o n s e  to internal h e a t  p roduction  a n d  s e v e re ly  limit th e  to le r a n c e  of 
s u b je c t s  to  w ork s t r e s s  in th e  hea t .  W h e th e r  r e p e a te d  adm in is tra t ion  of 
caffe ine  so lu t ions  totaling s e v e ra l  liters o v e r  2 to  3 h o u rs  of a  w ork  t a s k  d o e s  
affect body  fluid a n d  e lec tro ly te  leve ls  a n d  th e  ability of s w e a t  r e m a in s  
u n k n o w n  (130).
Physio logical r e s p o n s e s  to  caffe ine  m ay  a lso  b e  of s o m e  im p o r ta n c e  
during  c o n c u rre n t  therm al  s t r e s s .  It h a s  b e e n  s u g g e s t e d  th a t  a  caffe ine-  
in d u ce d  in c r e a s e  in c o re  te m p e ra tu re  m ay  p e rs is t  for s e v e ra l  hou rs .  
P re s u m a b ly  th is  in c re a s e  is d u e  to s tim ulation of th e  th e rm o re g u la to ry  
m e c h a n is m  c a u s in g  a n  in c r e a s e  in th e  b a s a l  m etabo lic  ra te . In theo ry ,  th e  
additional internal h e a t  load  would  th e n  put a n  a d d e d  s t r e s s  u p o n  th e  
th e rm o re g u la to ry  m e c h a n is m  (130).
Falk e t  al. (49) in v es t ig a ted  th e  e ffec ts  of ingesting  5 m g/kg of caffe ine  a t 
2 h o u rs  a n d  2 .5  m g/kg at 0 .5  h o u rs  be fo re  t ra in ed  s u b je c t s  w a lked  a t  70  to 
7 5 %  VC>2max in a  th e rm o n e u tra l  en v iro n m en t  until e x h a u s t io n .  A lthough 
ca ffe ine  in fluenced  m e a n  s w e a t in g  rate , resp ira to ry  e v a p o ra t io n ,  d iu re s is ,  a n d  
th u s  fluid b a la n c e ,  this s tu d y  did not d e m o n s t r a te  a  significant effec t  of caffe ine  
on fluid b a la n c e  or th e rm o re g u la t io n  during  e x e rc ise .  This  cou ld  b e  d u e  to  th e
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fact th a t  th e  s u b je c t s  r e a c h e d  a  s ta te  of e x h a u s t io n  a f te r  a b o u t  1 hour; 
p ro b ab ly  too  sh o r t  a  t im e for caffe ine  to  influence  the rm oregu la t ion .
6. Respiration
It h a s  b e e n  s u g g e s t e d  th a t  a s  a  resp ira to ry  stim ulant, ca ffe ine  m ay: 
i n c r e a s e  cen tra l  c h em o sen s it iv i ty  to  c a rb o n  dioxide, a c t  directly to  s t im u la te  
th e  resp ira to ry  m edullary  com plex , affect th e  inpu ts  from periphera l  
c h e m o r e c e p to r s ,  a n d  ac t  directly on  n e u ro m u s c u la r  t ra n s m is s io n  of th e  
resp ira to ry  m u s c le s  (97).
T h e  e ffec ts  of ca ffe ine  on th e  resp ira to ry  s y s te m  a t  res t  a re  a n  in c re a s e d  
m inu te  ventilation (VE) a n d  resp ira to ry  rate. W h e r e a s  th e  res ting  r e s p o n s e  is 
well d o c u m e n te d ,  th e  inform ation ava ilab le  c o n c e rn in g  th e  e ffec ts  of caffe ine  
o n  ventilation during e x e rc is e  is equ ivocal.  P o w e rs  e t al. (97) h a s  s h o w n  
significant i n c r e a s e s  in VE during  s te a d y - s t a te  e x e rc is e  following caffe ine  
inges tion . Additionally, th e y  h a v e  d e m o n s t r a te d  a  lo n g er  m e a n  r e s p o n s e  t im e 
for c a rb o n  d ioxide p roduction  (V C 0 2) a n d  VE following caffe ine  inges tion . An 
in c r e a s e  in th e  ventila tory  equ iva len t  for c a rb o n  dioxide production  (VE/ V C 0 2) 
du ring  in c rem en ta l  e x e rc is e  w a s  recen tly  found  (11), s u g g e s t in g  a n  in c r e a s e d  
ven tila tory  r e s p o n s iv e n e s s  to c a rb o n  d ioxide p roduction  during  e x e rc is e .
T h e  e n h a n c e d  ventilation at th e  final s t a g e s  of e x e rc is e  following 
c a ffe ine  in take  m ay  con tr ibu te  to a  g re a te r  resp ira to ry  ev a p o ra t io n  a n d  th u s ,  a  
g r e a t e r  w a te r  loss. H ow ever, th e  relatively sm all a m o u n t  of w a te r  lost th rough  
resp ira tion  is not likely to con tr ibu te  significantly to  a n  in c re a s e d  w a te r  lo ss  
following caffe ine  inges t ion  (49).
F. Performance
1. Ergogenic Effects
A n u m b e r  of inves t iga t ions  h a v e  b e e n  c o n d u c te d  to s tu d y  th e  e ffe c ts  of 
ca ffe ine  on th e  im p ro v e m e n t  of a e ro b ic  e n d u r a n c e  p e rfo rm a n c e  with th e
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re su l ts  be ing  equ ivoca l.  In a  1939  report from th e  H ealth  O rgan iza tion  of th e  
L e a g u e  of N ations, th e re  w a s  no direct proof a s  to  th e  beneficial effect of 
ca ffe ine  on  ath letic  p e r fo rm a n c e ;  how ever ,  it w a s  e x p e c te d  th a t  its u s e  a s  a  
d o p in g  a g e n t  w a s  d a n g e r o u s  a n d  th e re fo re  s h o u ld  b e  p roh ib ited  (137). S in c e  
th a t  t im e  caffe ine  h a s  b e e n  e x a m in e d  a s  a n  e rg o g e n ic  a id  to  in c r e a s e  th e  
c a p a c i ty  of th e  b o d y  to  perfo rm  physical work (21). Beg inn ing  in 1978 , s e v e ra l  
r e s e a r c h e r s  (33, 47, 67) b e g a n  to  d e m o n s t r a t e  s ign ificant i n c r e a s e s  in work 
p e rfo rm a n c e  a f te r  caffe ine  ingestion . In a n  a t te m p t  to  a c c o u n t  for th e  
c o n fus ion , C o n le e  (29) a n d  G ra h a m  a n d  Sprie t  (60) recen tly  lis ted  a  n u m b e r  
of ex p e r im e n ta l  fac to rs  th a t  a r e  im portan t  a n d  s h o u ld  b e  a d d r e s s e d  w h e n  
c o m p a r in g  s tu d ie s .  T h e s e  include: caffe ine  d o s e ,  ty p e  of e x e rc is e ,  intensity, 
du ra t ion , p re -e x e rc is e  f ee d in g s ,  s u b je c t ’s  training s ta tu s / f i tn e s s  level, p rev ious  
ca ffe in e  u se ,  c a rb o h y d ra te  level, a n d  individual varia tion  a n d  to le ra n c e .
S o m e  of the  e ffec ts  of t h e s e  fac to rs  h a v e  b e e n  p rev iously  d i s c u s s e d  a n d  th e  
o th e r s  will b e  d i s c u s s e d  below.
T h e  e rg o g e n ic  a id  is th o u g h t  to lie with c a f fe in e 's  effec t on FFA 
mobilization w hich cou ld  e n h a n c e  p e rfo rm a n c e  of p ro lo n g e d  e x e rc is e .  T h e re  
a p p e a r s  to  b e  a  s trong  c a s e  for th e  efficacy of caffe ine  a s  a n  e n d u ra n c e -  
e n h a n c in g  aid  during  e x e rc is e  b e tw e e n  60  a n d  8 5 %  VC>2max w h e n  th e  
d u ra t io n  a p p r o a c h e s  o r  e x c e e d s  1 hou r  (69).
C affe ine  m ay  p lay  a n  im portan t  role in p rom oting  lipid oxidation  a t high 
e x e rc is e  in tens it ies  w h en  g lycogen  sp a r in g  is critical (23). After caffe ine  
in g es t io n  of 5  m g/kg, E ss ig  e t al. (47) found  a n  in c r e a s e d  lipid utilization and  
m u sc le  g lycogen  sp a r in g  following 30 m in u tes  of cyc le  e rg o m e try  a t 7 0 %
V02maxi while Costill e t  al. (33) a d m in is te re d  330  mg of caffe ine  60  m in u tes  
prior to cycling at 80% V02max and demonstrated an improved exercise time to 
e x h a u s t io n  of 15 m inu tes . Ivy et al. (67) a lso  s h o w e d  in c r e a s e d  w ork  c a p ac i ty
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( a s  m e a s u r e d  by total kilopond m e te r  p roduction)  in s u b je c t s  w h o  e x e rc is e d  
for 2 h o u rs  on a  s ta t io n a ry  bicycle 60  m in u te s  a f te r  inges ting  2 5 0  m g caffe ine . 
In addition, Flinn e t  al. (51) g a v e  10 m g/kg of ca ffe ine  3 h o u rs  p re -e x e rc is e  
a n d  c o n c lu d e d  th a t  in ca ffe ine  naive, non-elite  rec re a t io n a l  cyclis ts ,  th is  d o s e  
significantly  in c r e a s e d  w ork  ou tp u t  a n d  tim e to  e x h a u s t io n  on  a n  inc rem en ta l  
cyc le  t e s t  from 14 to 18 m inu tes .
P o w e rs  e t al. (96), in a g r e e m e n t  with th e  s tu d ie s  a b o v e  found  th a t  5 
m g/kg  inges tion  re su l te d  in a  significant r ise of 3 5  to  8 5 %  in b lood  leve ls  of 
FFA a t  re s t  but failed to im prove p e rfo rm a n c e  during g r a d e d  cyc le  e x e rc ise .  
T h e s e  resu l ts  w e re  p robab ly  d u e  to th e  sh o r t  e x e rc is e  bou t  in th is  s tudy . T he  
resu l ts  from o th e r  r e s e a rc h  a ls o  ind ica ted  th a t  p e r fo rm a n c e  on a  g r a d e d  
e x e rc is e  te s t  w a s  not a f fec ted  by a  low d o s a g e  of caffeine.
M oreover, E ss ig  e t  al. (47) m e a s u r e d  m u sc le  g ly co g e n  d e p le t ion  
following cycling e x e rc is e  for 30  m in u te s  b e tw e e n  65  to  7 5 %  VC>2max in both 
control a n d  caffe ine  (5 m g/kg) conditions. T h e y  found  th a t  th e  u s e  of m u sc le  
g ly co g e n  w a s  l e s s e n e d  by 4 2 %  following ca ffe ine  adm in is tra t ion .
Additionally, th ey  found  th a t  m u sc le  trig lyceride u s e  w a s  in c r e a s e d  by 150%  
a long  with a  sm all in c re a s e  in s e ru m  FFA. Th is  is s u p p o r te d  by th e  w ork  of 
Costill e t  al. (33) w ho  found  in c r e a s e d  s e ru m  glycerol w h e n  c o m p a r in g  cycling 
with a n d  without caffe ine  s u p p le m e n ta t io n .  This  s u g g e s t e d  a n  in c r e a s e d  u s e  
of m u sc le  triglyceride during  caffe ine  trials, h o w e v e r  p e r fo rm a n c e  w a s  not 
m e a s u r e d  on  t h e s e  norm ally ac tive  m ale s .
2. Ergolytic Effects
O n th e  o th e r  hand , while earl ie r  r e s e a rc h  ind ica ted  th a t  c a f fe in e  cou ld  
pro long  p e r fo rm a n c e  in physically  e x h a u s t in g  work, m o re  r e c e n t  r e s e a r c h  
s u p p o r t s  a  different v iew poin t (7, 23, 24 , 53, 94, 130). T h e re  a r e  s e v e ra l  
r e s e a r c h e r s  w ho feel inges tion  of ca ffe ine  c a n  b e  c o n s id e r e d  a n  ergolytic
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s u b s ta n c e .  C a ffe ine  h a s  b e e n  p ro v en  to b e  a  d iuretic  which e ffec ts  
th e rm o re g u la t io n ,  s w e a t  ra te , body  te m p e ra tu re ,  h e a t  s t r e s s ,  a n d  ventilation, 
all of w hich  w ould  lead  to a  d ro p  in p e rfo rm a n c e .
P ro lo n g e d  e x e rc is e  a t  a n  in tensity  be low  th e  a n a e r o b ic  th re sh o ld ,  w h e n  
c a rb o h y d ra te  s p a r in g  is critical, m ay  m inimize c a f fe in e 's  p o s s ib le  in fluence  a s  
a n  e rg o g e n ic  aid. This  w a s  s tu d ie d  by C a s a l  a n d  Leon  (23) w h e n  th e y  looked  
a t  4 5  m in u tes  of treadmill running at 7 5 %  V02max. w hich w a s  b e lo w  th e  
a n a e r o b ic  th re sh o ld  in t h e s e  w ell- tra ined  ru n n e rs .  T h e y  d e te r m in e d  th a t  
inges tion  of 4 0 0  m g of caffe ine  did not affect FFA a n d  c a rb o h y d r a te  utilization.
This  w a s  b a s e d  on  no significant d i f fe re n c es  in trig lyceride, g lu c o s e ,  a n d  
lac ta te  o v e r  th e  c o u r s e  of th e  run. T h e s e  r e s e a r c h e r s  s u g g e s t e d  th a t  th e  
c a ffe in e - in d u c e d  FFA e leva tion , a s  w a s  d e m o n s t r a te d  during  cycling e x e rc ise ,  
is insufficient during  running  to affec t s u b s t r a te  utilization, d u e  to  th e  large  
e xe rc is ing  m u sc le  m a s s  (23).
K napik  e t  al. (75) h a v e  a ls o  a rg u e d  th a t  th e  ability of c a ffe in e  to 
in f luence  s u b s t r a t e  utilization during  e x e rc is e  is d e p e n d e n t  on  e x e rc is e  
modality, specifically  in re g a rd  to  th e  quan ti ty  of m u sc le  m a s s  involved.
During running, c o m p a ra b ly  in c r e a s e d  FFA levels  e x p o s e d  to  g r e a t e r  e x e rc is e  
m u sc le  m a s s  m ay  h a v e  le s s  m etabo lic  im pact w h e r e a s  with cycling, which 
req u ire s  a  s m a l le r  m u sc le  m a s s ,  in c r e a s e d  levels  of FFA e x p o s e d  to  le s s  
ac tive  m u sc le  m ay  facilitate lipid utilization (23).
P e rk in s  a n d  W illiams (94) h a v e  recen tly  s h o w n  th a t  ca ffe ine  d o s e s  from 
4 to 10 m g/kg did not im prove e ithe r  t im e to  e x h a u s t io n  o r  h e a r t  ra te  r e s p o n s e  
during  e x e rc is e .  In short ,  in c rem en ta l  cyc le  pro toco ls ,  T o n e r  e t  al. (128) using  
3 5 0  mg caffe ine , a n d  P o w e rs  a n d  o th e r s  (96), a n d  G a e s s e r  a n d  Rich (53), all 
u s ing  5 m g/kg, likewise failed to  d e m o n s t r a te  th a t  c a ffe in e  in c r e a s e d  e x e rc is e  
t im e  to e x h a u s t io n .  Finally, Butts a n d  Crowell (21) found  no  c h a n g e  in tim e  to
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e x h a u s t io n  during  su b m a x im a l  (75%  V02max) cyc le  e rg o m e try  a s  a  resu lt  of 
inges t ing  3 0 0  mg caffe ine . In addition, B e n -E z ra  a n d  V a c c a ro  (10) found  
sim ilar re su l ts  u s ing  5 m g/kg  of caffe ine .
R e s u l ts  s im ilar to  t h o s e  c ited  a b o v e  w e re  d i s c o v e re d  during  running 
trials. C affe ine  inges tion  during  running  a t  6 0 %  V02max cou ld  not im prove  th e  
physica l  p e r fo rm a n c e  c a p a c i ty  (111). Likewise, Costill e t  al. (33) found  no 
significant i n c r e a s e  with 3 3 0  m g, a n d  T e m p le s  a n d  H a y m e s  (125) found  no 
d if fe rence  with 4 m g/kg or 5  m g/kg (127) during  low in tensity  e x e rc is e .  W h e n  
ex am in in g  p ro lo n g e d  e x e rc is e ,  K napik  a n d  c o l l e a g u e s  (75) fou n d  in c r e a s e d  
s e ru m  FFA  during a  1 h o u r  run a t  6 0 %  V02max. with no varia tion b e tw e e n  
p lac e b o ,  5, o r  9 mg/kg. Finally, C a d a r e t te  e t  al. (22) found  no d iffe rence  
during  a  run to  e x h a u s t io n  a t  8 3 %  VC>2max with 2.2, 4 .4  a n d  8 .8  m g/kg of 
caffe ine .
A ccord ing  to o th e r  r e s e a rc h ,  caffe ine  did not a p p e a r  to  e le v a te  s e ru m  
FFA leve ls  during  e x e rc is e  a b o v e  a n d  b e y o n d  th e  norm al in c re a s e .  C a s a l  
a n d  Leon  (24) found  th a t  th e  resp ira to ry  qu o tien t  didn 't c h a n g e  during  
e x e rc is e  which indirectly s u g g e s t s  th a t  no c h a n g e  in s u b s t r a t e  utilization 
o c c u r r e d  during  th e  45  m inu te  su b m a x im a l  run. Also, G a e s s e r  a n d  Rich (53) 
rep o r ted  5 m g/kg did not h a v e  a n y  effect upon  s u b s t r a te  u s a g e  du ring  a n  
in c rem en ta l  e x e rc is e  t a s k  a n d  no effec t on  VC>2max- Likewise, M argar ia  e t  al. 
( 8 0 )  found  no in c re a s e  in VC>2max or  p e r fo rm a n c e  t im e on  a  treadmill a f te r  
in ta k e s  of 1 0 0  a n d  2 5 0  m g caffeine.
In m a n y  of t h e s e  s tu d ie s  how ever ,  th e  work bou t w a s  relatively sho r t  
( le s s  th a n  30  m inu tes)  a n d  th u s  would  not effectively t e s t  th e  g ly co g e n  s p a r in g  
effect of caffe ine . A ccord ing  to Saltin (4), in p ro lo n g e d  a e ro b ic  e x e rc is e  at 
g r e a t e r  th a n  7 5 %  V02max. p e r fo rm a n c e  is a ffec ted  by th e  initial g ly co g en  
c o n te n t  of th e  m usc le ,  e sp ec ia l ly  in e v e n ts  lasting lo n g er  th a n  1 hour. As
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e x e rc is e  c o n t in u e s  p a s t  1 h o u r  a n d  th e  c a rb o h y d ra te  level d e c r e a s e s ,  th e r e  is 
a  g ra d u a l  in c re a s e  in th e  quan ti ty  of fat utilized for e n e rg y  (81). In p ro lo n g e d  
s t e a d y - s t a t e  e x e rc ise ,  fat m a y  su p p ly  nearly  8 0 %  of th e  total e n e rg y  requ ired . 
S c h a d e  et al. (115) u s e d  a  12 mile run in a  d o u b le  blind p la c e b o  c r o s s o v e r  
s tudy , a n d  d e te rm in e d  th a t  3 0 0  mg of ca ffe ine  did not affec t th e  p e r fo rm a n c e  of 
t ra in ed  ru n n e rs .  H ow ever, e v e n  th is  d i s ta n c e  w ould  not c o m p le te ly  t e s t  th e  
g ly co g e n  s p a r in g  theo ry .
T h e re fo re ,  th e  leng th  a n d  in tensity  of th e  e x e rc is e  protocol, th e  e x e rc is e  
m o d e ,  s ta t e  of training, d o s a g e  a n d  timing all exe rt  s o m e  in fluence  on  th e  
physio logica l a n d  p e r fo rm a n c e  e ffec ts  of caffe ine  in take.
3. Exercise Mode
A s s ta t e d  a b o v e ,  c a f fe in e 's  ability to  affec t s u b s t r a te  utilization during  
e x e rc is e  is d e p e n d e n t  on  th e  m o d e  of e x e rc is e .  It is difficult to  c o m p a r e  t h e s e  
2 fo rm s  of e x e rc ise ,  e v e n  a t  th e  s a m e  intensity, s in c e  th e  m e c h a n is m s  for 
fa t igue  m ay  b e  different. In s e v e ra l  s tu d ie s ,  th e  resp ira to ry  e x c h a n g e  ratio 
(RER ) ref lec ted  th a t  s u b s t r a te  utilization w a s  low ered  by ca ffe ine  inges tion  
during  cyc le  e rg o m e try  a t  65  to 8 0 %  VC^max- while it w a s  not lo w e re d  during  
p ro lo n g e d  running b o u ts  a t  l e s s  th a n  7 5 %  VC>2max (23, 75, 110). Costill a n d  
o th e r s  (32) found  ca ffe ine  (330 mg) c a p a b le  of in c reas in g  tim e to  e x h a u s t io n  
during  su b m a x im a l  (80%  V02max) cyc le  e rgom etry ,  while M c N a u g h to n  (82) 
d e m o n s t r a t e d  la rge r  caffe ine  d o s e s  (10 m g/kg a n d  15 m g/kg) c a p a b l e  of 
in c re as in g  e x e rc is e  tim e during  a  m uch  sh o r te r ,  increm en ta lly  p ro g re s s iv e ,  
cyc le  e rg o m e try  tes t .
T h e  ra te  of g ly co g e n  dep le t ion  is s lo w e r  in e n d u r a n c e  runn ing  th a n  in 
bicycle riding (35, 36, 73). F u r the rm ore ,  w h e n  running at a  h ig h er  in tensity  
th a n  th a t  a t  which m u sc le  g lycogen  w a s  c o m ple te ly  d e p le te d  in p ro lo n g e d  
cycling (75%  V02max) (4), ca ffe ine  ingestion  w a s  found  to  b e  effective in th e
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im p ro v em en t  of e n d u ra n c e .  T h e  tim e (53 to 58  m inu tes)  a n d  d i s ta n c e  (11.8  to 
13 .7  k ilom eters)  during  p ro lo n g e d  running  a t  a b o u t  8 0 %  V02max w a s  
im proved  by th e  in take  of s u c ro s e ,  caffe ine , o r s u c r o s e  p lus  ca ffe ine  w h e n  
c o m p a r e d  to the  control trial (40 m inu tes  for 8 .5  k ilom eters)  (110).
4. State of Training
B e s id e s  th e  d if fe re n c es  b e tw e e n  cyc le  a n d  running, a n o th e r  r e a s o n  
b e h in d  th e  equ ivoca l re su l ts  re la te s  to  th e  f i tn ess  level of th e  ex p e r im e n ta l  
su b je c ts .  A ccord ing  to  C a s a l  a n d  Leon (23), it might b e  p o ss ib le  th a t  caffe ine  
inges t ion  h a s  a n  effect only on  th o s e  a th le te s  w ho  a r e  not of a n  elite n a tu re  
a n d  h a v e  not had  th e  benefit  of training. T h e s e  a th le te s  m ay  not exhibit the  
in c r e a s e d  lipolytic e n z y m e  activity, a n d  m itochondria l d e n s i ty  a n d  s iz e  tha t  
e n d u r a n c e  training brings  a b o u t  (66), a n d  th e re fo re  a r e  u n a b le  to  u s e  th e  FFA 
mobilization to  its fullest a d v a n ta g e  a t high w ork  levels.
In addition, C a s a l  a n d  Leon (23) a ls o  s u g g e s t e d  a n o th e r  r e a s o n  why 
caffe ine  might be  ineffective. T hey  r e a s o n e d  th a t  s in c e  e x e rc is e  is a  powerful 
s y m p a th e t ic  e n h a n c e r  th a t  m obilizes FFA, e x e rc is e  p robab ly  o v e r r id e s  a n d  
m a s k s  th e  c a f fe in e - in d u ced  e leva tion  of FFA. T h is  might n e g a te  a n y  
e rg o g e n ic  benefi ts  of th e  d rug . In addition, b e c a u s e  training o p t im izes  lipid 
oxidation during e x e rc ise ,  th e re  is p robab ly  ve ry  little ca ffe in e - in d u c e d  
poten tia t ion  of lipid oxidation in th e  t ra in ed  su b jec t .
G . Dosage and Timing
Finally, the  physio log ic  a n d  e rg o g e n ic  e ffec ts  of caffe ine  a r e  d e p e n d e n t  
on  th e  d o s a g e  a n d  timing of ingestion . M ost s tu d ie s  h a v e  h a d  s u b je c t s  inges t  
caffe ine  1 hou r  prior to th e  s ta r t  of e x e rc is e  s o  th a t  p l a s m a  caffe ine  
c o n c e n t ra t io n s  w e re  a t their  p eak .  Bellet e t  al. (8) a n d  W eir e t  al. (133) h a v e  
d e m o n s t r a te d  that  p la s m a  FFA d o e s  not in c r e a s e  until a t  le a s t  3 to  4  ho u rs  
a f te r  ingestion . O v er  a  period  of se v e ra l  ho u rs  th e  s e ru m  c o n c en tra t io n  of
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caffe ine  g o e s  dow n, but th e  co n c en tra t io n  of FFA c o n t in u e s  to  r ise o r  level off 
(65).
It h a s  b e e n  s u g g e s t e d  tha t  caffe ine  m ay  b e  u s e d  to  ra ise  th e  FFA at th e  
s ta r t  of a  ra c e  (90). in c o n tr a s t  to th e  s tu d ie s  of Bellet e t  al. (8) a n d  W eir  e t  al. 
(133) m e n t io n e d  a b o v e ,  s e ru m  FFA d o u b le d  in 1 h o u r  following inges t ion  of 
2 5 0  m g caffe ine  (93) a n d  a c co rd in g  to V an H an d e l  (129), s e ru m  FFA cou ld  
rem ain  e le v a te d  1 to  4 h o u rs  a f te r  in take. Costill (136) e x tra p o la te d  a n d  
th e o r iz e d  th a t  a  3 :30  m a ra th o n e r  m ay  d e c r e a s e  p e r fo rm a n c e  tim e by 15 
m in u tes  a n d  a  2 :30 m a ra th o n e r  m ay  run 10 m in u tes  f a s te r  a f te r  drinking 4 to  5 
m g/kg of caffe ine  2 ho u rs  prior to th e  e x e rc is e  bout. A ccord ing  to  Falk e t  al. 
(48), e x e rc is e  p e rfo rm a n c e  of a  lo n g er  du ra tion  a n d  low er in tensity  (below  
6 0 %  V0 2 max), w h e re  lipids play a  m o re  d o m in a n t  role a s  a n  e n e rg y  s u b s t r a te ,  
will d e m o n s t r a te  b e t te r  th e  p o ss ib le  e ffec ts  of caffe ine .
In th e  s tu d y  by G ra h a m  a n d  Sprie t (60), a  high ca ffe ine  d o s e  (9 m g/kg)
1 h o u r  b e fo re  both  cycling a n d  running e x e rc is e s ,  w a s  u s e d  to m ax im ize  th e  
c h a n c e  for e rg o g e n ic  p e r fo rm a n c e  a n d  m etabo lic  effec ts . Th is  d o s a g e  
p r o d u c e d  urinary  caffe ine  leve ls  ju s t  be low  th e  a c c e p ta b le  limits for 
com petit ion  a s  outlined by th e  In ternational O lym pic C o m m it te e  a n d  in c r e a s e d  
e n d u ra n c e  tim e from 49 to 71 m inu tes . T h e  ca ffe ine  trials ho w ev er ,  h a d  no 
effect on  th e  R E R  a n d  p l a s m a  FFA levels  a t  res t  or during e x e rc ise ,  but p la s m a  
e p in e p h r in e  w a s  e le v a te d  while n o rep in e p h rin e  w a s  not. It w a s  u n c le a r  
th o u g h  w h e th e r  th e  in c r e a s e d  p e rfo rm a n c e  w a s  d u e  to in c r e a s e d  fat utilization 
a n d  m u sc le  g ly co g en  sp a r in g .
H. S u m m a r y
C affe ine  is a  b e v e ra g e  th a t  is c o n s u m e d  w orldwide. It h a s  v a r io u s  
physiological e ffec ts  on m a n y  o rg a n s  a n d  regu la to ry  s y s te m s  in th e  body. It 
h a s  b e e n  a n d  c o n t in u e s  to b e  in g e s te d  by p e r s o n s  in a n  effort to  im prove
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ath le tic  p e r fo rm a n c e .  H ow ever , th e  poten tia l e ffec ts  of ca ffe ine  a s  a  
p e r fo rm a n c e  e n h a n c e r  a r e  still b e ing  d e b a te d .  T h e re  a r e  only a  few  s tu d ie s  
which claim  th a t  caffe ine  c a n  e n h a n c e  e n d u r a n c e  p e r fo rm a n c e .  Adding  to th e  
c o n tro v e rsy  is ca ffe in e 's  im pac t  on e n d u r a n c e  e x e rc is e  in th e  h e a t  a n d  
humidity. A s s ta te d  a b o v e ,  m o s t  s tu d ie s  a r e  b a s e d  on  s h o r t  te rm  e x e rc ise ,  a n d  
th e n  only tes t ing  its e ffec ts  during cycling e x e rc ise .  In addition, m o st  s tu d ie s  
did not t e s t  th e  e ffec ts  of ca ffe ine  on  tim e to  e x h a u s t io n ,  a  n e c e s s a r y  
m e a s u r e m e n t  of e n d u r a n c e  p e rfo rm a n c e .
D ue  to  the  limitations of e a c h  of t h e s e  s tu d ie s ,  o n e  c a n n o t  e x tra p o la te  
th e  o u tc o m e  from cycle  e rg o m e te r  t e s t s  to  e ffec ts  on  e n d u r a n c e  running or 
p ro lo n g e d  walking, w h e re  ve ry  little r e s e a rc h  h a s  b e e n  p e rfo rm e d .
In o rd e r  to te s t  t h e s e  e ffec ts  during  walking, a n  ideal s tu d y  would  b e  to 
d e s ig n  a  c ro s s o v e r ,  d o u b le  blind ex p e r im en t ,  c o m p a r in g  d ifferent d o s a g e s  of 
caffe ine .  T h e  s u b je c t s  s h o u ld  b e  w ell-hydra ted ,  m o d e ra te ly  t ra in ed  a n d  hea t-  
a cc l im a ted ,  a n d  would  walk  in a  con tro lled  e n v iro n m en t  (high h e a t  a n d  high 
humidity) for a n  e x te n d e d  period  of time. This  d i s ta n c e  w a lked  at a  low 
in tensity  would  t e s t  th e  g ly co g e n  s p a r in g  effect while ex am in in g  th e  p o ss ib le  
FFA mobilization e ffec ts  of caffe ine . T h e  s u b je c t s  s h o u ld  b e  m a tc h e d  for daily 
ca ffe ine  inges tion  s ta tu s ,  th a t  is, high v e r s u s  low in takes .  T h e re fo re ,  it would  
b e  p o ss ib le  to  further exp lo re  th e  role of ca ffe ine  during  p ro lo n g e d  e x e rc is e  in 
th e  h e a t  a n d  humidity.
CHAPTER 3: METHODOLOGY
i. Subjects
Eight m a le s  w e re  rec ru ited  from v a r io u s  L. S. U. D e p a r tm e n t  of 
K inesiology c la s s e s .  D escrip tive  s ta t is t ic s  of th e  s u b je c t s  a re  p r e s e n te d  in 
T a b le  3. After exp lan a tio n  of th e  s tu d y  pro tocol th e  v o lu n te e rs  u n d e rw e n t  a  
B ruce  walking treadmill t e s t  in th e  D e p a r tm e n t  of K inesio logy  H u m an  
P e r fo rm a n c e  L abora to ry  to  d e te rm in e  the ir  V02max. S u b je c t s  w e re  c o n s id e r e d  
for inclusion in th e  s tu d y  if th e y  w e re  healthy , n o n -as th m a t ic ,  a n d  th e ir  V0 2 max 
w a s  b e tw e e n  40  to 55  ml/kg body  w e igh t/m inu te  ( a v e r a g e  r a n g e  for a  co llege-  
a g e  m ale)  (4, 81). Prior to participation in th e  treadmill te s t ,  in fo rm ed  c o n s e n t s  
w e re  o b ta in e d  from th e  s u b je c t s  ( s e e  A ppendix  A). E a c h  s u b je c t  rec e iv e d  
ex tra  cred it  in their  D e p a r tm e n t  of K inesiology c la s s  for participa tion  in th e  
study .
T a b le  3. Physica l  a n d  physio logica l c h a ra c te r is t ic s  of th e  su b je c ts .
S u b je c t A ge  (yr) H eight (cm) W eigh t (kg) V 02m ax
(ml/kg/min)
1 2 2 177 .8 8 8 .8 54.1
2 2 2 18 0 .3 8 2 .8 4 9 .0
3 2 2 18 2 .9 7 3 .8 4 5 .2
4 22 17 5 .3 7 6 .8 5 0 .4
5 2 4 1 8 5 .4 8 1 .4 4 7 .9
6 21 1 8 2 .9 89.1 5 1 .5
7 2 5 182 .9 8 8 .6 49.1
8 2 2 170 .2 7 7 .8 4 3 .5
M e a n 2 2 .5 17 9 .7 8 2 .4 4 8 .8
S .D . 1.31 5 .0 3 6 .0 0 3 .3 8
T h e  s u b je c t s  p e rfo rm e d  th e  ex p e r im e n ta l  trials  a t  T h e  H ear t  a n d  F i tn e s s  
C e n te r ,  a  s u b s id ia ry  of G e n e ra l  H ea lth  Inco rpora ted ,  w hich  a ls o  o w n s  T h e  
B aton  R o u g e  G e n e ra l  Hospital. T h u s ,  in addition to p a s s in g  th e  H u m a n
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S u b je c t s  R ev iew  C o m m it te e  of L.S.U., th e  s tu d y  w a s  a ls o  a p p ro v e d  by th e  
Institutional R ev iew  B oard  C o m m it te e  of T h e  B a ton  R o u g e  G e n e ra l  M edical 
C e n te r .
II. Study Design
T h e  n a tu re  of th e  s tu d y  w a s  a  Latin S q u a r e  d e s ig n  with th e  s u b je c t s  
se rv in g  a s  1 blocking fac to r  a n d  th e  4 p e r io d s  (d a y s  of th e  e x p e r im e n ts )  a s  th e  
o th e r  block. In actuality , th e  d e s ig n  w a s  c o n s id e r e d  a  'm ixed  up ' Latin 
S q u a r e ,  o r 2 a u g m e n te d  Latin S q u a r e s .  T h e  t r e a tm e n ts  w e re  a s s i g n e d  in a  
b a la n c e d  w ay  by a  Latin R e c ta n g le  s u c h  th a t  th e re  w a s  b a la n c e  in th e  
c a r ry o v e r  effect ( s e e  A ppend ix  B). T h e  t r e a tm e n t  block c o n s i s t e d  of 4 
e x p e r im e n ta l  drinking re g im e n s ,  which inc luded  a  p la c e b o  trial, a  
c a rb o h y d ra te  trial, a  ca ffe ine  trial, a n d  a  ca ffe ine  p lus  c a rb o h y d ra te  trial, all of 
w hich s e r v e d  a s  th e  t re a tm e n t  fac to rs . All a n a ly s e s  w e re  t e s t e d  a  priori a t  a  p- 
v a lu e  < 0 .05 . A p o s t-h o c  D u n c a n 's  Multiple R a n g e  T e s t  w a s  u s e d  to  e x a m in e  
d if fe re n c e s  in t r e a tm e n ts  w h e n  th e  F -ra tios  w e re  significant.
III. Study Protocol
T h e  32 trials (4 p e r  sub jec t)  w e re  c o n d u c te d  in a  w arm  en v iro n m en t ;  th e  
m e a n  w e t bulb g lobe  te m p e ra tu re  w a s  a pp rox im ate ly  2 1 .3 QC, c o n s id e r e d  by 
A C SM  to b e  a  m o d e ra te  risk for h e a t  illness  (81, 137). T h e  room  w a s  h e a te d  
by th e  u s e  of 2 s p a c e  h e a te r s  p la c e d  on  th e  right a n d  left s id e s  of a  m otor  
driven  treadmill (Q uinton Q -65), a b o u t  3 fee t  from th e  su b jec t .  T h e  m etabo lic  
s y s te m  (Q uinton Q -P lex  1 C a rd io -P u lm o n a ry  E x e rc ise  S y s te m , S ea tt le ,  WA) 
u s e d  for th e  V 02max t e s t s  a t  th e  D e p a r tm en t  of K inesiology w a s  t r a n s p o r te d  to 
T h e  H ear t  a n d  F i tn e s s  C e n te r  to collect resp ira to ry  d a ta  during  th e  
e x p e r im e n ts .  In addition, a  N ova  m ercu ry  b a ro m e te r  a n d  sling p s y c h ro m e te r  
(B a c h a ra c h ,  Inc., P ittsburgh , PA) w e re  ava ilab le  in th e  tes t ing  room  to t rack  
a m b ie n t  cond it ions .
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S u b je c ts  w e re  requ ired  to a b s ta in  from caffe ine ,  a lcohol,  d rug  
m ed ic a t io n s ,  a n d  v igo rous  e x e rc is e  for 4 8  h o u rs  p re c e d in g  e a c h  trial. T h e y  
w e re  in s truc ted  to  c o n s u m e  their  typical d iet for 3 d a y s  prior to  e a c h  trial with 
a n  a t te m p t  to  replicate  th e  s a m e  d iet  th e  d a y  b e fo re  e a c h  s u c c e s s iv e  trial. Diet 
logs  w e re  su b m it te d  a n d  c o m p a r e d  to  in su re  th e  s u b je c t s  fo llowed th e  
n e c e s s a r y  instructions .
E a c h  trial followed a  sim ilar protocol a n d  is d e s c r ib e d  below . T h e  s tu d y  
followed th e  protocol of Ivy e t al. (68). S u b je c t s  w a lk e d  a t  4 5 %  V02max until 
volitional fa t igue  a n d /o r  w h e n  th ey  w e re  no lo n g e r  a b le  to m ain ta in  th e  
s e le c te d  p a c e .  If their  in tensity  d e v ia te d  from 4 5 %  V02max, th e  treadmill w a s  
a d ju s te d  accord ing ly . T h e  s p e e d  a n d  g r a d e  of th e  treadmill did not d e v ia te  by 
m o re  th a n  0 .5  m ph  a n d /o r  2 %  incline within e a c h  s u b je c t  during  e a c h  trial.
B efo re  participating in th e  4 walking trials to  e x h a u s t io n ,  th e  s u b je c t s  w a lk ed  
on  th e  treadmill for 3 hours ,  a t  th e  e x p e r im en ta l  p a c e ,  a s  a  familiarization trial.
T h e  p u r p o s e  of th e  familiarization trial w a s  to  d e te rm in e  th e  co rre c t  treadmill 
s p e e d ,  to orient th e  su b je c t  to  th e  s tu d y  protocol, a n d  to d e te rm in e  if th e  
s u b je c t  w a s  still willing to e x e rc is e  a t th e  s e le c te d  p a c e  for a  p ro lo n g e d  tim e 
period. T h e s e  familiarization trials did not include  b lood  d raw s .
Upon arrival at th e  lab  for tes t ing  a t  7 AM, a f te r  a  12 h o u r  overn igh t fast, 
th e  su b je c t  w a s  given a  liquid m eal,  G a to rP ro  (Q u a k e r  O a t s  Co., C h icag o ,  IL), 
to  e s ta b l ish  a  nutritional b a se l in e .  T h e  G a to rP ro ,  a  c h o c o la te  s h a k e ,  (7 
kilocalories/kg b o d y  w eight in an  11 o u n c e  can ),  c o n s is t s  of 5 8  g r a m s  of 
c a rb o h y d ra te ,  7 g ra m s  of fat, a n d  17 g ra m s  of protein. T h e  s u b je c t  a lso  s ig n e d  
a  s e c o n d  inform ed c o n s e n t  ( s e e  A ppendix  C) prior to  participating  in this 
p h a s e  of th e  s tudy . After finishing th e  G a to rP ro  drink, th e  s u b je c t  r e m a in e d  
s e a t e d  for 60  m inu tes . Prior to c o m m e n c in g  th e  walk, a  n u r s e  in se r te d  a  21 
g a u g e  v a c u ta in e r  n e e d le  into a  fo rea rm  vein  a n d  o b ta in e d  1 5 c c  of b lood.
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T he  4 walking trials w e re  b a s e d  on  4  d ifferent fluid reg im en s .  An 
a v e r a g e  of 1 w e e k  s e p a r a t e d  e a c h  te s t .  T h e  s u b je c t s  w e re  random ly  
a s s ig n e d  to  e a c h  fluid condition. In addition, s u b je c t s  a n d  r e s e a r c h e r s  w e re  
u n a w a re  of th e  drink c o n te n ts .  Two of th e  fluid r e g im e n s  inc luded  a  p la c e b o  
(a  lem on-lim e flavored  w a te r  d e v e lo p e d  a t  th e  G a to ra d e  R e s e a r c h  
L abo ra to ries ,  Barrington, IL), t e rm e d  PO , a n d  a  6 %  c a rb o h y d ra te  drink (lem on- 
lime flavored  G a to ra d e ,  Q u a k e r  O a t s  Co., C h icag o ,  IL), t e rm e d  G O , which 
c o n s is te d  of 14 g ra m s  of c a rb o h y d ra te ,  0 g r a m s  of fat, a n d  0 g r a m s  of protein 
p e r  8  o u n c e  serv ing . T h e  o th e r  2 drinks w e re  caffe ine  in th e  p la c e b o  drink, 
t e rm e d  C P , a n d  caffe ine  in th e  G a to ra d e  drink, t e rm e d  CG . In debriefing 
in terview s, th e  s u b je c t s  s ta t e d  th e y  k n ew  w h e n  th e y  w e re  ingesting  caffe ine  
d u e  to th e  u n p le a s a n t  ta s te ,  but did not h a v e  a n y  id e a  th e y  w e re  drinking th e  
c a rb o h y d ra te  or p lac e b o .
To e n s u r e  th a t  th e  s u b je c ts '  e n d u r a n c e  w a s  not re la ted  to p rev io u s  
efforts or p r e c o n c e iv e d  tim e limits, e a c h  s u b je c t  w a s  kept un in fo rm ed  a s  to  the  
tim e  of d a y  a n d  dura tion  of e a c h  walk. Additionally, th e  su b je c t  w a s  inform ed 
th a t  th e re  would  b e  r a n d o m iz e d  blood d ra w s  a n d  r a n d o m iz e d  d a t a  collection 
pe riods .  In debriefing  interviews, th e  s u b je c t s  s ta t e d  tha t  th e y  h ad  a  "feeling" 
th a t  drinks a n d  b lood  collection w e re  on a  s c h e d u le ,  but w e re  u n a w a re  of the  
d u ra t ion  of e a c h  trial.
IV. Data Collection
Upon arrival a t  th e  lab, body  weight, h e a r t  rate , a n d  ty m p an ic  
m e m b r a n e  t e m p e ra tu re  w e re  m e a s u r e d .  P o s t -e x e rc i s e  w eight w a s  re c o rd e d  
im m edia te ly  a f te r  th e  tes t .  T h e  blood d ra w s  w e re  p e rfo rm ed  by th e  m edical 
staff  of T h e  H eart  a n d  F i tn e s s  C en te r .  T he  staff c o n s is t s  of 3 m edical d o c to rs  
a n d  2 re g is te red  n u rse s ,  with 1 n u rse  having  certification in critical c a re  
nursing . In a  co n tin u e d  effort to k e e p  th e  s u b je c t s  u n a w a re  a s  to  th e  e x e rc is e
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t im e, th e y  w e re  inform ed th a t  th e  b lood  d ra w s  would  o c c u r  a t  r a n d o m  tim e 
in tervals .
S u b je c t s  r ec e iv e d  150 ml of fluid e v e ry  30  m inu tes ,  w hich is 
r e c o m m e n d e d  by th e  A m erican  C o llege  of S p o r ts  M edic ine  for p ro p e r  fluid 
hydration  (52); how ever , th e  s u b je c t  w a s  told t h e s e  drinks  w e re  g iven  at 
ra n d o m  tim e intervals. F o r  th e  ca ffe ine  trials, t h e  s u b je c t  in g e s te d  5 m g/kg  of 
c a ffe in e  with th e  500  kilocalories  G a to rP ro  m ea l 60  m in u te s  prior to  e x e rc ise .  
T h e  5 m g/kg w a s  in th e  form of a n h y d ro u s  caffe ine  (S ig m a  C h e m ic a l  Co., St. 
Louis, Mo.) p lac e d  in 2 gela tin  c a p s u l e s  (No. 0, Eli Lilly a n d  Co.). Five m in u tes  
be fo re  th e  e x e rc ise  bout, th e  su b je c t  c o n s u m e d  th e  eq u iv a len t  of 2 .5  m g/kg of 
ca ffe ine  d is so lv e d  in 150 ml of fluid (e ither  p la c e b o  or G a to ra d e  kep t co ld  in a  
refrigerator). E a c h  s u b je c t  th e n  in g e s te d  th e  s a m e  drink e v e ry  30  m in u te s  
th e re a f te r  until e x h a u s t io n .  This  resu l ted  in ap p ro x im ate ly  5 m g/kg body  
w e igh t of ca ffe ine  c o n su m p t io n  e v e ry  hour.
For th e  p lac e b o  (p la c eb o  only, PO ) a n d  c a rb o h y d ra te  (G a to ra d e  only, 
G O ) trials, th e  su b je c t  in g e s te d  a  p la c e b o  60  m inu tes  prior to  e x e rc is e .  T h e  
p la c e b o  c o n s is te d  of flour, p lac e d  in 2 c a p s u l e s  s im ilar to  th e  ca ffe ine  trial. 
D e p e n d in g  upon  th e  fluid reg im en  a s s ig n e d ,  e a c h  s u b je c t  in g e s te d  th e  
c a rb o h y d ra te  or p la c e b o  drink 5 m in u tes  b e fo re  th e  e x e rc is e  b ou t  a n d  e v e ry  
30  m in u te s  the rea f te r .  In o rd e r  to k e e p  th e  r e s e a r c h e r s  u n a w a re  of th e  drink 
reg im en , th e  flour w a s  p la c e d  in a  vial s im ilar to th e  ca ffe ine  vial a n d  p o u re d  
into th e  drink prior to e x e rc ise .  For th e  c a rb o h y d ra te  + caffe ine  trial (GC), th e  
pro tocol followed th e  ca ffe ine  trial (p la c eb o  + caffe ine , PC ) a s  s t a t e d  a b o v e .
In add it ion  to 1 b lood  d ra w  p e r  hour, e x p ired  resp ira to ry  d a ta  including 
V0 2  a n d  c a rb o n  d ioxide w e re  co llec ted  for 5 m inute  in tervals  o n c e  e v e ry  30 
m in u te s  to e v a lu a te  th e  w ork load  of th e  e x e rc is e  bout. T h e  R E R  w a s  a lso  
m e a s u r e d  to d e te rm in e  th e  relative contribution of fat a n d  c a rb o h y d ra te  during
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th e  walk. T h e  su b je c t  w a s  naive to  t h e s e  tim e  in tervals . T h e  s u b je c t  b r e a th e d  
th ro u g h  a  H a n s  R udolph  L arge  2 -W ay  b rea th in g  valve  (H a n s  R udolph , Inc.,
K a n s a s  City, Mo., Model 27 0 0 )  fitted on  a  H a n s  R udo lph  H e a d -S u p p o r t  (H an s  
R udolph , Inc., K a n s a s  City, Mo., Model 2766). In addition, e v e ry  30  m inu tes  
th e  s u b je c t  w a s  m e a s u r e d  for h e a r t  ra te  by pa lpa t ing  th e  radial a rtery , a n d  
ty m p a n ic  c o re  te m p e ra tu re  w a s  m e a s u r e d  aurally  with a  T h e r m o s c a n  Instan t  
in frared  th e rm o m e te r .  Finally, th e  en v iro n m en ta l  co n d it io n s  of th e  lab  w e re  
r e c o rd e d  e v e ry  h o u r  which c o n s is te d  of b a ro m e tr ic  p r e s s u r e ,  t e m p e ra tu re ,  a n d  
humidity.
T h e  e x p e r im e n t  w a s  c o n c lu d e d  w h e n  th e  s u b je c t  w a s  physica lly  
e x h a u s t e d  a n d  w a s  e ithe r  unwilling o r  physica lly  u n a b le  to  k e e p  up  with th e  
s p e e d  of th e  treadmill. T h e  total t im e to e x h a u s t io n  w a s  r e c o rd e d  in m inu tes .
At th e  com ple tion  of th e  ex p e r im e n t  a n d  a f te r  th e  las t  b lood  d raw , th e  p o s t ­
e x e rc is e  body  w eigh t w a s  re c o rd e d .  After ob ta in ing  th e  p o s t - e x e rc is e  body  
weight, food  a n d  fluids w e re  given to reh y d ra te  th e  s u b je c t s  a s  quickly a s  
poss ib le .  T h e  su b je c t  w a s  th en  kep t in th e  tes t ing  room  for a  ra n d o m  period  to 
k e e p  him u n c le a r  of th e  ac tua l  du ra tion  of th e  ex p e r im e n ta l  trial.
V. Blood and Urine Analysis
A s s ta t e d  a b o v e ,  b lood w a s  d raw n  5 m in u te s  b e fo re  th e  walk  a n d  a t  1 
hou r  intervals, im m edia te ly  prior to fluid c o n su m p tio n ,  a n d  a t  th e  point of 
e x h a u s t io n .  B loods w e re  a n a ly z e d  for lac ta te ,  g lu c o se ,  N a+, K+, Cl', FFA, 
trig lycerides, a n d  hem atocrit.  F ou r  v a c u ta in e r  t u b e s  w e re  u s e d  during  e a c h  
blood draw . A g re e n - to p  v a c u ta in e r  tu b e  with lithium h ep a r in  w a s  im m edia te ly  
cen tr ifuged  a t 7 0 0 0  rpm for 10 m in u tes  (L o u rd es  Clinical C en tr ifuge , Model 
CHT, Brooklyn, NY), after  which th e  p la s m a  w a s  re m o v e d  a n d  frozen  for FFA 
a n d  lac ta te  an a ly s is .  A yellow-top v a c u ta in e r  tu b e  (con ta in ing  S S T  Gel a n d  
Clot activator) w a s  u s e d  to d e te rm in e  e lec tro ly tes  a n d  trig lycerides . After it
65
w a s  s e t  a s id e  for 10 m in u tes  to allow th e  b lood  to  clot, th e  tu b e  w a s  
cen tr ifuged  at 7 0 0 0  rpm for 10 m in u tes  a n d  th e n  p la c e d  in a  t e s t  tu b e  rack  on 
a  b e d  of ice. A purp le  top  v a c u ta in e r  tu b e  (con ta in ing  so d iu m  fluoride a n d  
p o ta s s iu m  oxa la te )  w a s  u s e d  to  d e te rm in e  hem a tocr i t  levels  a n d  a  g ray  top  
v a c u ta in e r  tu b e  (con ta in ing  ETDA[K3 ]) w a s  u s e d  to d e te rm in e  g lu c o s e  levels . 
Both t u b e s  w e re  p la c e d  in th e  te s t  tu b e  rack  on ice im m edia te ly  a f te r  th e  b lood 
w a s  d raw n . At th e  co n c lu s io n  of e a c h  e x p e r im en t ,  th e  b lood  w a s  t ra n s p o r te d  
e ith e r  to  T h e  B a ton  R o u g e  Clinic (a  local m edical  c e n te r) ,  for a n a ly s i s  o r  to  th e  
D e p a r tm e n t  of K inesiology a n d  p la c e d  in th e  f r e e z e r  until fu tu re  an a ly s is .  In 
addition  to th e  b lood  a n d  resp ira to ry  d a t a  collection, u r ine  o u tp u t  w a s  
co llec ted  in a  p las t ic  g r a d u a te d  c o n ta in e r  to d e te rm in e  total u rine ou tpu t  
during th e  trial.
T h e  B aton  R o u g e  Clinic a n a ly z e d  b lo o d s  for g lu c o se ,  trig lycerides, 
hem atocri t ,  a n d  e lec tro ly tes .  T h e s e  b lo o d s  w e re  a n a ly z e d  by a  B e c k m an  
S y n c h ro n  CX7 Analyzer. G lu c o s e  c o n c e n t ra t io n  w a s  d e te rm in e d  by an  
o x y g e n  ra te  m e th o d  w hich m e a s u r e s  th e  c h a n g e  in o x y g e n  c o n su m p t io n ,  
w here in  th e  ra te  of o xygen  c o n su m p t io n  is directly p roportional to th e  
c o n c en tra t io n  of g lu c o s e  p r e s e n t  in th e  s a m p le .  C hloride  ion c o n c e n t ra t io n  
w a s  d e te rm in e d  by m e a s u r in g  e lec tro ly te  activity in solution. An equilibrium is 
d e v e lo p e d  a t  th e  s u r f a c e  of a  ch lo ride  ion -se lec tive  e le c tro d e ,  a n d  th e  
poten tia l  d e v e lo p e d  is r e f e re n c e d  to a  so d iu m  re fe re n c e  e le c tro d e .  S od ium  
a n d  K+ m e a s u r e m e n ts ,  a l th o u g h  a n a ly z e d  s e p a ra te ly ,  u s e  a n  ion s e le c t iv e  
s y s te m  w hich pe rm its  th e  m e a s u r e m e n t  of th e  activity of th e  ions in the  
p r e s e n c e  of o th e r  ions. T h e  potentia l d iffe rence  b e tw e e n  th e  s a m p le  a n d  th e  
so lu tion  inside th e  e le c tro d e  is c a lc u la te d  by th e  N e rn s t  eq u a t io n .  T h e  
quan ti ta t ive  de te rm in a tio n  of total t r ig lyce rides  c o n c e n t ra t io n  in s e ru m  w e re  
a n a ly z e d  by a  t im ed -e n d p o in t  m e thod . T h e  tr ig lycerides  in th e  s a m p le  w e re
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hydro lyzed  to  glycerol a n d  FFA by th e  ac tion  of l ipase . H em atocri t  w a s  
m e a s u r e d  by th e  principle of vo lum etr ic  m ete ring  on a  CELL-DYN 3 0 0 0 .  Th is  
in s t ru m en t  u s e s  a n  im p e d a n c e  t r a n s d u c e r  a n d  resistivity to  c o u n t  a n d  s iz e  red 
b lood  cells . T h e  m e a n  cell vo lu m e  (MCV) is d e te rm in e d  from th e  red  ce lls  s iz e  
distribution d a ta .  H em atocri t  is c a lc u la te d  us ing  th e  following form ula : (R B C  X 
MCVJ/10.
Additional b lood  profiles  w e re  a n a ly z e d  by th e  principal in v es t ig a to r  in 
th e  labora to ry  a t  th e  D e p a r tm e n t  of Kinesiology. L a c ta te  w a s  d e te rm in e d  in 
d u p l ic a te  by th e  Analox G M 7 M icro-Stat clinical an a ly z e r .  This  a n a ly z e r  
d e te r m in e s  th e  m ax im um  ra te  of o x y g en  c o n su m p t io n  w hich is directly re la ted  
to  th e  lac ta te  c o n c en tra t io n .  P l a s m a  FFA d e te rm in a t io n s  w e re  m e a s u r e d  in 
triplicate by th e  m e th o d s  of N ovak  (92). All m e th o d s  u s e d  s t a n d a r d s  a n d  
c o n t in u o u s  calibration  to  in c r e a s e  quality  control a n d  reliability.
CHAPTER 4: RESULTS
T h e  e ffec ts  of ca ffe ine  a n d /o r  c a rb o h y d ra te  inges tion  upon  p e r fo rm a n c e  
a t  4 5 %  V02max in a  w arm  en v iro n m en t  w e re  s tud ied . T h e  prim ary  in te re s t  in 
th is  s tu d y  w a s  to d e te rm in e  if th e re  w a s  a  d iffe rence  in p e rfo rm a n c e ,  a s  
m e a s u r e d  by walking tim e to  e x h a u s t io n .  T h e  a n a ly s e s  inc luded  a n a ly s is  of 
c o v a r ia n c e  (ANCOVA) u s in g  th e  b a s e i in e  v a lu e s  a s  th e  c o v a r ia te  in te s t in g  for 
d i f f e re n c e s  b e tw e e n  th e  s ta r t  of e x e rc is e  a n d  v a lu e s  c o llec ted  a t  th e  point of 
e x h a u s t io n  (end-po in t  an a ly s is ) .  Of s e c o n d a r y  in te res t  w a s  t h e  d e te rm in a tio n  
of a n y  d if fe re n c e s  o v e r  t im e. T he refo re ,  a n  ANCOVA w a s  p e rfo rm e d  us ing  th e  
b a s e l in e  a s  th e  c o v a r ia te  while tes t ing  for d i f fe re n c es  a t  e a c h  tim e point (time- 
s e r i e s  an a ly s is ) .  In this a n a ly s is ,  th e  4 hou r  t im e point (fifth b lood  collection 
period) w a s  u s e d  a s  th e  final va lue ,  s in c e  th e  majority of s u b je c t s  h a d  5  b lood 
co llec t ions  for e a c h  t r e a tm e n t  condition.
T h e  re su l ts  ind ica ted  th a t  th e  m e a n  tim e to  e x h a u s t io n  w h e n  ingesting  
th e  G a to r a d e  only drink w a s  significantly longer  th a n  th e  p la c e b o  drink, th u s  
a g re e in g  with p rev io u s  r e s e a r c h  (68). T h e  im p ro v e m e n t  w a s  a pp rox im ate ly  
14 .2 %  with tim e to  e x h a u s t io n  a v e ra g in g  2 5 1 .4  m inu tes  ( ra n g e  180 to  3 0 4  
m inu tes )  for th e  G O  trial a n d  220.1 m in u tes  ( ra n g e  162 to  2 8 0  m inu tes)  for th e  
P O  trial (F igure  1a). N either  condition of caffe ine  s u p p le m e n ta t io n  on  th e  
o th e r  h a n d ,  c a u s e d  a n  im p ro v e m e n t  in e n d u ra n c e .  In fact, th e  G O  w a s  a lso  
significantly g re a te r  th a n  bo th  th e  G C  trial, 2 1 5 .9  m in u tes  ( ra n g e  170  to 280  
m inu tes )  a n d  th e  P C  trial, 2 0 6 .0  m inu tes  ( ra n g e  169  to 243  m inu tes) .  
Additionally, th e  t im e to e x h a u s t io n  for th e  PO , G C, a n d  PC  drinks  w e re  not 
significantly different from e a c h  other. Individual re su l ts  a re  p r e s e n te d  in 
F igure  1 b. S u b je c t  5 w a s  e v a lu a te d  a c r o s s  th e  G C, GO, a n d  P O  trials. T h e  
P C  trial w a s  d r o p p e d  b e c a u s e  it w a s  felt by th e  inves tiga to r  th a t  th e  s u b je c t  did
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not give a  c o m p le te  effort a n d  quit early, com ple ting  only 99  m in u tes  of 
e x e rc ise .  This  will b e  d i s c u s s e d  further in C h a p te r  5.
In addition to th e  t im e to  ex h au s t io n ,  o th e r  p e r fo rm a n c e  v a r ia b le s  (heart 
rate , RER, c o re  te m p e ra tu re ,  body  weight, urine ou tput,  s u b s t r a te  levels, a n d  
e lec tro ly te  c o n cen tra t io n )  w e re  e x a m in e d .  By inves tiga ting  t h e s e  va riab les ,  it 
w a s  e x p e c te d  th a t  a n y  underly ing m e c h a n is m s  perta in ing  to th e  d if fe re n c es  in 
p e r fo rm a n c e  cou ld  b e  a s c e r ta in e d .  T h e  following p a r a g r a p h s  p r e s e n t  th e  
a n a ly s is  of t h e s e  factors .
It is of t a n ta m o u n t  im p o r ta n c e  th a t  th e  q u e s t io n  of w h e th e r  th e  
w o rk lo ad s  for all t r e a tm e n ts  a n d  s u b je c t s  w e re  identical, o th e rw ise  th e  g ro u p s  
cou ld  not b e  c o m p a re d .  As s e e n  in F igure  2, th e  m e a n  o x y g en  u p ta k e  for 
e a c h  t re a tm e n t  w a s  4 5 %  of m axim um , th e  p re -d e te rm in e d  w orkload . T h e re  
w a s  no d iffe rence  at e x h a u s t io n  a n d  no d if fe re n c es  b e tw e e n  t re a tm e n ts .
H eart  ra te  a t  e x h a u s t io n  in c re a s e d  o v e r  b a se l in e ,  h o w e v e r  th e  e n d ­
point a n a ly s is  s h o w e d  no significant t r e a tm e n t  d i f fe re n c e s  (F igure  3a).  T h e  
t im e -s e r ie s  a n a ly s is  a lso  s h o w e d  a  significant i n c r e a s e  o v e r  t im e (Figure  3b), 
particularly a  significant d iffe rence  in th e  initial r ise from b a s e l in e  to  th e  s ta r t  of 
e x e rc ise .  O th e r  significant d i f fe re n c es  o c c u rre d  b e tw e e n  1 hou r  intervals, but 
not b e tw e e n  th e  0 .5  hour t im e points.
Final ty m p a n ic  t e m p e ra tu re  v a lu e s  d isp la y e d  a  slight in c r e a s e  o v e r  
b a se l in e ,  but th e  end-po in t  a n a ly s is  s h o w e d  no significant t re a tm e n t  
d i f fe re n c es  (F igure  4a). All t r e a tm e n ts  exhib ited  a  s o m e w h a t  linear in c re a s e  
o v e r  time, with a  m ore  s te a d y  in c re a s e  for th e  G O  tre a tm e n t .  T h e  t im e -se r ie s  
a n a ly s is  r e v e a le d  a  significant in c r e a s e  o v e r  th e  c o u r s e  of th e  e x e rc is e  bou t 
a n d  a  significant t re a tm e n t  by tim e in teraction  (Figure 4b).
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Figure 1 a . M ean  total t im e to  e x h a u s t io n  by t h e  4  t re a tm e n ts .  
* p< 0 .0 5  vs. o th e r  t re a tm e n ts .
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Figure  2. M ean  p e rc e n t  o x y g en  u p tak e  by th e  4 t re a tm e n ts .
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Figure 3a. Effects of the 4 treatments on the mean heart rate levels
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Figure 3b. Effects  of th e  4  t r e a tm e n ts  on  th e  m e a n  h e a r t  rate  
leve ls  o v e r t im e .  At th e  4 h o u r  tim e  point; G a to ra d e /C a ffe in e ,  n=3; 
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Figure 4a. Effects of the 4 treatments on the mean tympanic temperature




























Figure 4b. Effects  of th e  4  t r e a tm e n ts  on  th e  m e a n  ty m p a n ic  te m p e ra tu re  
o v e r t im e .  At th e  3 .5  h o u r  t im e point; P la ce b o /C a ffe in e ,  n=5.
T h e re  w a s  a  n o t ic e a b le  d e c r e a s e  from b a s e l in e  to  e x h a u s t io n  w h e n  
a s s e s s i n g  th e  R E R , h o w e v e r  no  significant t re a tm e n t  d i f f e re n c e s  w e re  
d isp la y e d  by th e  e n d -p o in t  a n a ly s is  (F igure  5a). T h e  t im e - s e r ie s  a n a ly s is  
d e m o n s t r a t e d  a  significant d e c r e a s e  o v e r  tim e a n d  a  s ign if icant d iffe rence  
b e tw e e n  th e  t r e a tm e n ts ,  bu t no t re a tm e n t  by tim e in terac tion  (F igure  5b). At 
th e  point of e x h a u s t io n ,  th e  R E R  ind ica ted  th a t  7 0 .1 %  fat w a s  utilized for th e  
G O  group , 7 7 .2 %  fat for th e  P O  trial, 6 6 .6 %  fat for th e  G C  tes t ,  a n d  7 3 .7 %  fat 
for th e  P C  e x p e r im e n t  (F igure  5c).
T h e re  w e re  no significant d i f fe re n c e s  in w eight lo ss  a m o n g  th e  
t re a tm e n ts ,  h o w e v e r  a  g r e a te r  lo ss  o c c u rre d  for th e  G O  tre a tm e n t .  It s h o u ld  b e  
n o ted  how ever ,  th a t  th e  g r e a t e r  w eight lo ss  cou ld  b e  a tt r ibu ted  to  th e  longer  
du ra t ion  of th e  e x e rc ise .  T h e  p e rc e n ta g e  d ro p  in w eigh t a t  th e  e n d  of th e  trial 
w a s  g r e a te s t  for th e  G O  t re a tm e n t  (-2 .69% ), followed by th e  P C  trial (-1 .97% ),
t h e  P O  drink (-1 .94% ) a n d  th e  G C  drink (-1.93% ). T h e re  w a s  a  s ignificant 
d iffe rence  b e tw e e n  th e  P O  drink a n d  th e  o th e r  3 t r e a tm e n ts  in th e  a m o u n t  of
urine e x c re te d  during  th e  trials, h o w e v e r  not all s u b je c t s  h a d  to void during  
e a c h  of th e  te s ts .  T h e  P C  trials y ielded  th e  h ig h es t  vo lu m e  of u rine  excre tion  
followed by th e  G O , G C, with th e  P O  having th e  low est  excre tion .
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F igure  5a . Effects of th e  4 t r e a tm e n ts  on  th e  m e a n  resp ira to ry  
e x c h a n g e  ratio a t  b a s e l in e  a n d  a t th e  point of e x h a u s t io n .
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Figure 5b. Effects of th e  4  t re a tm e n ts  on th e  m e a n  resp ira to ry  
e x c h a n g e  ratio o v e r t im e .
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Figure 5c. Effects of the 4 treatments on the mean levels of the percent
kcals derived from fat at baseline and at the point of exhaustion.
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In addition to  th e  R E R , additional m a rk e rs  for s u b s t r a te  utilization 
including g lu c o se ,  lac ta te ,  FFA, a n d  trig lycerides  w e re  m e a s u r e d .  T h e  
g lu c o s e  en d -p o in t  a n a ly s i s  exh ib ited  a  s ignificant d if fe ren ce  b e tw e e n  th e  
t r e a tm e n ts  with G C  a n d  P C  g lu c o s e  show ing  a n  in c re a s e ,  a n d  G O  a n d  P O  
g lu c o s e  v a lu e s  rem ain ing  level (F igure  6a). At th e  point of e x h a u s t io n ,  G C  
g lu c o s e  leve ls  w e re  significantly la rge r  th a n  g lu c o s e  leve ls  with th e  o th e r  3 
drinks, a n d  th e  P C  g lu c o s e  w a s  significantly g re a te r  th a n  th e  G O  a n d  P O  
t re a tm e n ts .  T h e  G C  a n d  P C  t re a tm e n ts  t e n d e d  to in c re a s e  g lu c o s e  o v e r  time, 
w h e r e a s  th e  G O  a n d  P O  t r e a tm e n ts  d e c r e a s e d  g lu c o s e  leve ls  o r  r e m a in e d  
level. T h u s ,  th e  g lu c o s e  t im e -s e r ie s  a n a ly s is  ind ica ted  significant d i f fe re n c es  
b e tw e e n  t re a tm e n ts ,  a  significant in c r e a s e  over time, and a  s ign if icant t im e  by 
t re a tm e n t  in teraction  (Figure  6b). M ost v a lu e s  w e re  in th e  norm al resting 
r a n g e  e x c e p t  a t  h o u rs  3 a n d  4 a n d  the  point of e x h a u s t io n  for G C , a n d  a t  4 
h o u rs  a n d  th e  point of e x h a u s t io n  for PC . T h e s e  g lu c o s e  v a lu e s  w e re  slightly 
h igher  th a n  norm al, but th is  w a s  e x p e c te d  s in c e  s e ru m  g lu c o s e  t e n d s  to 
i n c r e a s e  with caffe ine  (127).
T h e  lactate  e n d -p o in t  a n a ly s is  r e v e a le d  significant t re a tm e n t  a n d  tim e 
d if fe re n c es  (b ase l in e  vs. exh au s t io n ) ,  a s  well a s  a  significant t im e by t r e a tm e n t  
in teraction (Figure 7a). At th e  point of ex h au st io n , lac ta te  v a lu e s  for s u b je c t s  
c o n s u m in g  P C  a n d  G C  b e v e r a g e s  w e re  significantly h ig h e r  th a n  lac ta te  
v a lu e s  for th e  s u b je c ts  ingesting  P O  a n d  GO. T he  lac ta te  v a lu e s  for th e  P C  
a n d  G C  t re a tm e n ts  w e re  not different from e a c h  other, nor  w e re  th e  P O  a n d  
G O  lac ta te  levels. T h e re  w a s  a n  in c r e a s e  o v e r  tim e for th e  lac ta te  v a lu e s  on  
th e  G C  a n d  P C  t re a tm e n ts ,  a  slight in c re a s e  for PO , a n d  a  slight d ro p  for the  
G O  group . This  w a s  n o ted  in th e  t im e -s e r ie s  a n a ly s is  which d isp la y e d  
significant i n c r e a s e s  o v e r  t im e  for both  caffe ine  g ro u p s  th ro u g h o u t  th e  s tudy , 
a n d  d e c r e a s e s  in lac ta te  for th e  G O  a n d  P O  g ro u p s  which w e re  nearly
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identical (F igure  7b). T h e re  w a s  a lso  a  significant t re a tm e n t  by tim e 
in teraction . M ost lac ta te  v a lu e s  w e re  in th e  norm al res ting  r a n g e  e x c e p t  for 
P C  a t  4  h o u rs  a n d  th e  point of e x h a u s t io n ,  a n d  G C  a t  h o u rs  3 a n d  4. T h e s e  
la c ta te  v a lu e s  w e re  slightly h ig h e r  th a n  norm al (127), bu t not u n u su a l  b a s e d  
on  p rev io u s  r e s e a rc h  (23, 48, 110, 115).
a Gatorade/Caffeine 
Q  Placebo/Caffeine 
HI Gatorade only 
m Placebo only
Baseline Exhaustion
Figure 6a . Effects of th e  4  t r e a tm e n ts  on th e  m e a n  g lu c o s e  levels  
a t  b a s e l in e  a n d  at th e  point of e x h a u s t io n .
* p< 0 .05  vs. PC, GO , PO.




















F igure  6b. Effects of the  4 t r e a tm e n ts  on  th e  m e a n  g lu c o s e  leve ls  














Figure 7a . Effects  of th e  4 t r e a tm e n ts  on  th e  m e a n  la c a te  leve ls  
a t  b a s e l in e  a n d  a t th e  point of ex h au s t io n .
* p< 0 .05  vs. PO, GO.
+ p<0.05  vs. PO , GO.
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T h e  FFA e nd -po in t  a n a ly s is  d e m o n s t r a t e d  d if fe re n c es  for all g r o u p s  in 
th e  r a n g e  of 2 to  3 t im e s  th e  b a s e l in e  levels . T h e s e  FFA in c r e a s e s  w e re  
significant, h o w e v e r  no t r e a tm e n t  d i f fe re n c es  w e re  n o te d  (Figure  8a). T he  
t im e -s e r ie s  a n a ly s is  a lso  s h o w e d  a  significant i n c r e a s e  o v e r  t im e  with a  slight 
d e c r e a s e  in FFA for s u b je c t s  c o n s u m in g  th e  G C  a n d  P C  b e v e r a g e s  a t th e  4 
h o u r  point (F igure  8b). T h e  P O  a n d  G O  t r e a tm e n ts  exh ib ited  sim ilar v a lu e s  
















































Figure 8a . Effects  of th e  4 t r e a tm e n ts  on th e  m e a n  free  fatty ac id  
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Figure 8b. Effects of the 4 treatments on the mean free fatty acid
levels over time.
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Triglyceride e n d -p o in t  a n a ly s is  d isp la y e d  both  t im e  (b a se l in e  vs. 
e x h a u s t io n )  a n d  t re a tm e n t  d iffe rences ,  bu t no t im e by t r e a tm e n t  in teraction  
(F igure  9a).  All t r e a tm e n ts  in c re a s e d  slightly from b a s e l in e  to e x h a u s t io n  
e x c e p t  for th e  G O  drink, which d e c r e a s e d  slightly. At th e  point of ex h au s t io n ,  
th e  triglyceride leve ls  for t h e  s u b je c t s  c o n s u m in g  th e  P C  a n d  G O  drinks w e re  
not different from e a c h  o ther , nor  w e re  th e  G O , G C, a n d  P O  g ro u p s .  T he  
trig lyceride P C  levels  h o w e v e r  w a s  significantly g r e a te r  th a n  th e  G C  a n d  P O  
levels. After rem oving  d a ta  a t th e  po in ts  of e x h a u s t io n ,  th e  a n a ly s is  for th e  
t im e -s e r ie s  d e m o n s t r a te d  no  significant d i f fe re n c es  in trig lyceride levels  
(F igure  9b). All v a lu e s  f luc tuated , h o w e v e r  th e y  re m a in e d  within th e  norm al 
res t ing  r a n g e  (127).
O th e r  se ro log ica l  d a ta  inc luded  e lec tro ly tes , hem atocr i t ,  h em oglob in ,  
a n d  p la s m a  v o lu m e  c h a n g e s .  P l a s m a  vo lum e c h a n g e s  w e re  c a lc u la te d  by 
th e  m e th o d  of Dill a n d  Costill (42). T h e  end -po in t  so d iu m  a n a ly s is  did not 
s h o w  a n y  significant t r e a tm e n t  d i f fe re n c es  (F igure  10a). O n th e  o th e r  h and , 
th e  t im e -se r ie s  so d iu m  a n a ly s is  exhib ited  a  s ign ificant in c r e a s e  o v e r  t im e for 
all g ro u p s  (Figure 10b). T h e  so d iu m  v a lu e s  during th e  first ho u r  of e x e rc is e  
w e re  significantly low er th a n  during  th e  res t  of th e  e x e rc is e  bout. All so d iu m  
v a lu e s  fell within th e  norm al resting r a n g e  (127).
P o ta s s iu m 's  e nd -po in t  a n a ly s is  d isp la y e d  a  s ign ificant d if fe rence  
b e tw e e n  th e  t r e a tm e n ts  (F igure  11a). At th e  point of e x h a u s t io n ,  th e re  w a s  no 
d iffe rence  b e tw e e n  th e  p o ta s s iu m  levels  for th e  s u b je c t s  c o n s u m in g  th e  
G a to ra d e  only a n d  p la c e b o  only b e v e r a g e s  or b e tw e e n  th e  G a to ra d e + c a f fe in e  
a n d  p lac e b o + ca f fe in e  drinks. T he  p o ta s s iu m  levels  for th e  G O  a n d  P O  
t r e a tm e n ts  how ever ,  w e re  significantly la rge r  th a n  th e  G a to ra d e + c a f fe in e  a n d
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Figure 9a. Effects of th e  4 t r e a tm e n ts  on  th e  m e a n  triglyceride levels  
a t  b a s e l in e  a n d  a t th e  point of ex h au s t io n .
* p<0 .05  vs. GC, PO.
p lac e b o + ca f fe in e  p o ta s s iu m  levels. T h e  t im e -s e r ie s  a n a ly s i s  r e v e a le d  only a  
t re a tm e n t  d iffe rence  (F igure  11b). T he  G C  a n d  P C  p o ta s s iu m  v a lu e s  
r e m a in e d  significantly low er th ro u g h o u t  th e  trial with th e  P O  a n d  G O  
p o ta s s iu m  v a lu e s  following a  nearly  identical pa tte rn .  All g r o u p s  e x c e p t  th e  
p lac e b o + ca f fe in e  g ro u p  s h o w e d  a  slight, bu t c o n s is t e n t  r ise  o v e r  t im e while 
th e  G C  a n d  P C  p o ta s s iu m  v a lu e s  w e re  significantly low er th a n  th o s e  of th e  P O  
a n d  G O  t re a tm e n ts ,  but th e  P O  a n d  G O  p o ta s s iu m  levels  w e re  not different 
from e a c h  o ther. All p o ta s s iu m  v a lu e s  fell within th e  norm al res ting  ran g e  
(127).
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Figure 9b. Effects of th e  4  t r e a tm e n ts  on th e  m e a n  triglyceride 
levels  o v e r  tim e.
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Figure 10a. Effects of the 4 treatments on the mean sodium levels
at baseline and at the point of exhaustion.
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Figure  10b. Effects  of th e  4 t r e a tm e n ts  on  th e  m e a n  so d iu m  
levels  o v e r  time. P la ce b o /C a ffe in e  a t th e  4 ho u r  tim e  point; n=4.
Chloride  exh ib ited  a  la rge  in c r e a s e  from b a s e l in e  to  th e  first h o u r  of 
e x e rc is e ,  bu t th e  leve ls  r e m a in e d  s o m e w h a t  c o n s is te n t  th ro u g h o u t  th e  length  
of th e  e x p e r im e n t  (F igu res  1 2 a  a n d  12b). No significant d i f f e re n c e s  o c c u rre d  
for e i th e r  th e  end -po in t  o r  t im e -s e r ie s  a n a ly s e s .  N one  of th e  ch lo r ide  v a lu e s  
w e re  o u ts id e  th e  norm al res t ing  r a n g e  (127).
T h e  e nd -po in t  hem a to cr i t  a n a ly s is  r e v e a le d  no significant d i f fe re n c e s  
(F igure  13a). T h e  t im e -s e r ie s  a n a ly s is  did s h o w  a  significant, c o n s is t e n t  a n d  
slight rise o v e r  t im e a n d  a  significant d iffe rence  from b a s e l in e  leve ls  (Figure 
13b). T h e  end-po in t  hem og lob in  a n a ly s is  w a s  sim ilar to hem atocr i t .  T h e re  
w a s  a  sm all s ignificant rise ove r  time, but no d iffe rence  b e tw e e n  t r e a tm e n ts  
(F igure  14a). T h e re  w a s  a  la rge  in c r e a s e  in hem og lob in  up  until th e  s e c o n d  
hour  of e x e rc is e ,  with little c h a n g e  a t  th e  3 hou r  point a n d  a  in c r e a s e  a g a in  at 
th e  4 h o u r  point. T he  t im e -se r ie s  a n a ly s is  d e m o n s t r a te d  a  s light a n d  
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F igure  11a . Effects  of th e  4 t r e a tm e n ts  on  th e  m e a n  p o ta s s iu m  levels  
a t  b a s e l in e  a n d  a t  th e  point of e x h a u s t io n .
























Figure 11 b. Effects  of th e  4 t r e a tm e n ts  on  th e  m e a n  p o ta s s iu m  
leve ls  o v e r  time.
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Figure 12a . Effects  of th e  4 t r e a tm e n ts  on  th e  m e a n  ch loride  leve ls  
a t  b a s e l in e  a n d  at point of e x h a u s t io n .
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Figure 12b. E ffec ts  of th e  4 t r e a tm e n ts  on  th e  m e a n  ch loride  
levels  o v e r  time.
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Figure 13a. Effects of th e  4 t r e a tm e n ts  on th e  m e a n  hem a tocr i t  levels  
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Figure 13b. Effects of the 4 treatments on the mean hematocrit


















Figure 14a. Effects of th e  4 t r e a tm e n ts  on th e  m e a n  hem og lob in  levels  
a t  b a s e l in e  a n d  at th e  point of e x h a u s t io n .



















F igure  14b. E ffec ts  of th e  4 t r e a tm e n ts  on th e  m e a n  hem oglob in  
leve ls  o v e r  time.
T h e  e n d -p o in t  a n a ly s i s  for p la s m a  vo lum e r e v e a le d  a  significant 
p e rc e n t  d e c r e a s e  o v e r t i m e  from b a s e l in e  to e x h a u s t io n  (F igure  15a). T h e re  
w e re  no d if fe re n c es  b e tw e e n  th e  g ro u p s  a f te r  1 hou r  of e x e rc is e  a n d  a t  th e  
point of e x h a u s t io n .  No t re a tm e n t  d i f fe re n c es  for p la s m a  vo lu m e  w e re  found  
on  th e  t im e -s e r ie s  a n a ly s is  (F igure  15b).
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E3 Placebo/Caffeine 
Hj Gatorade only 
□  Placebo only
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Figure 15a . Effects of th e  4 t r e a tm e n ts  on  th e  m e a n  p e rc e n t  c h a n g e  in 
p la s m a  vo lu m e  b e tw e e n  b a s e l in e  a n d  th e  1 h o u r  point, a n d  b a s e l in e  
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Figure  15b. E ffec ts  of th e  4 t r e a tm e n ts  on  th e  p e rc e n t  c h a n g e  in 
p la s m a  vo lum e o v e r  t im e from b a s e l in e  to  e a c h  hou r  of e x e rc is e .
CHAPTER 5: DISCUSSION
During p ro lo n g ed  e x e rc is e ,  th e  prim ary  c a u s e s  of fa t igue  a r e  dep le t ion  
of c a rb o h y d ra te  s to re s ,  i n c r e a s e s  in th e  c o n c e n t ra t io n  of lactic acid , 
d e h y d ra t io n ,  shifts  in e lec tro ly te  b a la n c e  a n d /o r  a n y  c o m b in a t io n  of t h e s e  
fac to rs .  S in c e  th e  o n s e t  of e x h a u s t io n  m ay  b e  d e la y e d  if liver o r  m u sc le  
g ly co g en  a re  s p a re d ,  a n d  p rev io u s  r e s e a rc h  (8, 9, 33 , 67)  h a s  s h o w n  th a t  
ca ffe ine  inges t ion  i n c r e a s e s  p la s m a  FFA leve ls  a n d  d e la y s  e x h a u s t io n ,  
p r e s u m a b ly  d u e  to a n  i n c r e a s e  in fat m e tab o lism  a n d  a  s u b s e q u e n t  s p a r in g  of 
m u sc le  g lycogen , th e  goal of th is  s tu d y  w a s  to  d e te rm in e  if ca ffe ine  in take 
c ou ld  e n h a n c e  e n d u r a n c e  c a p a c i ty  during  a  low in tensity , long du ra t ion  
e x e rc is e  bout in a  w arm  env ironm en t.
In th e  p r e s e n t  s tudy , it w a s  d e m o n s t r a te d  th a t  c a f fe in e  s u p p le m e n ta t io n  
did not significantly i n c r e a s e  tim e to e x h a u s t io n .  In s tead ,  th e  G a to r a d e  drink 
significantly  in c r e a s e d  e x e rc i s e  du ra t ion  c o m p a r e d  to  th e  p lac e b o ,  
G a to ra d e + c a f fe in e ,  a n d  p lac e b o + ca f fe in e  drinks. T h e  fac t  th a t  th e  G a to ra d e  
drink in c r e a s e d  p e rfo rm a n c e  c o m p a r e d  to  th e  p la c e b o  a t  4 5 %  V02max w a s  not 
su rpris ing  s in c e  this w a s  c o n s is te n t  with th e  resu l ts  of Ivy e t  al. (68). It w a s  
su rp r is ing  how ever ,  th a t  n e i th e r  of th e  caffe ine  t r e a tm e n ts  in c r e a s e d  e x e rc is e  
d u ra t ion  c o m p a r e d  to P O  g ro u p  a n d  w e re  not s im ilar to  t h e  G O  group . 
T h e re fo re  th e  majority of th is  d isc u ss io n  will c o n s id e r  w hy  ca ffe ine  did not 
s e rv e  a s  a n  e rg o g e n ic  a id  to  p e rfo rm a n c e .
P e r fo rm a n c e  m e a s u r e m e n t s  (heart  rate , c o re  te m p e ra tu re ,  b o d y  w eight 
lo ss  a n d  fluid shifts) w e re  s tu d ie d  to inves t iga te  if a n y  of t h e s e  v a r ia b le s  could  
h a v e  c a u s e d  th e  d iffe rence  in e x e rc is e  t im es . If th e re  w e re  d if fe re n c es  in 
s o m e  o r  all of t h e s e  v a r ia b le s  a  d iffe rence  in e x e rc is e  in tensity  would  b e  
ind ica ted . F u r the rm ore ,  a  d iffe rence  in e x e rc is e  in tensity  w ou ld  yield a  
d ifferent t im e to e x h a u s t io n .  Any t re a tm e n t  d i f fe re n c es  in t h e s e  v a r ia b le s
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cou ld  h a v e  in fluenced  th e  o n s e t  of e x h a u s t io n  a n d  th u s  b e e n  re s p o n s ib le  for 
t h e  d iffe rence  b e tw e e n  t r e a tm e n ts .  T h e  resu l ts  in d ica ted  how ever ,  tha t  th e r e  
w a s  no  d iffe rence  in h e a r t  ra te  with caffe ine  ingestion , w hich confirm ed  a  
p rev io u s  report  by T a rn o p o lsk y  e t  al. (124), nor a n y  d if fe rence  in h e a r t  ra te  
b e tw e e n  all 4  t r e a tm e n ts .  In addition, o x y g en  u p ta k e  w a s  e v a lu a te d  a n d  it 
w a s  d e te rm in e d  th a t  th e  w ork load  w a s  not d ifferent b e tw e e n  th e  t r e a tm e n ts .  
Additionally, th e  lack  of t re a tm e n t  d i f fe re n c es  for w ork load  w a s  verified by  th e  
a b s e n c e  of a  d iffe rence  b e tw e e n  t r e a tm e n ts  for th e  ca lo ric  c o s t  of th e  trials. 
Also, ty m p a n ic  t e m p e ra tu re  s h o w e d  a  c o n s is te n t  r ise th ro u g h o u t  with a  slightly 
h igher  v a lu e  for th e  G O  drink a s  th e  e x e rc is e  p r o g re s s e d .  N e v e r th e le s s ,  all 
t e m p e r a tu r e s  followed a  s im ilar p a tte rn  a n d  w e re  not significantly  d ifferen t a t  
e x h a u s t io n .  T h u s ,  it w a s  d e te rm in e d  th a t  th e  w ork  in tensity  w a s  th e  s a m e  for 
all t r e a tm e n ts ,  a n d  p e r fo rm a n c e  d if fe re n c es  w e re  not th e  result  of w ork load  
inequality .
Similarly, body  w eigh t did not c h a n g e  b e tw e e n  th e  t re a tm e n ts ,  h o w e v e r  
th e  G O  group  h a d  a  g r e a te r  w eight loss . Again, th is  w a s  p robab ly  th e  resu lt  of 
a  longer  e x e rc is e  period  c a u s in g  a  la rge r  w eigh t loss . T h e  G O  t r e a tm e n t  lost 
2 .6 9 %  body  w eigh t a n d  th e  o th e r  3 g ro u p s  lost b e tw e e n  1 .9 3 %  a n d  1 .9 7 %  
body  w eight by th e  e n d  of th e  e x e rc is e  s e s s io n .  A s s t a t e d  earlier, a  lo ss  of 2- 
3 %  body  w eigh t c a n  a d v e rs e ly  affec t running p e rfo rm a n c e  (88), bu t s in c e  th e  
ca ffe ine  t r e a tm e n ts  y ie lded  c h a n g e s  l e s s  th a n  2% , w e igh t  lo ss  d i f fe re n c e s  
c a n n o t  b e  u s e d  to explain  th e  different e n d u r a n c e  t im es .  T h e  d if fe re n c es  in 
hem atocr i t ,  h em oglob in ,  a n d  p la s m a  vo lu m e  sh ifts  w e re  not s ignificant a n d  
d e m o n s t r a te d  la rge  initial i n c r e a s e s  from th e  s ta r t  of e x e rc is e ,  with a  s t e a d y  
continua l i n c r e a s e  th ro u g h o u t  th e  e x e rc ise .  T h e s e  re su l ts  a g r e e  with th e  
sm all fluid lo s s e s  during  th e  e x e rc is e  a s  rep o r ted  a b o v e .  At th e  o n s e t  of 
e x e rc is e  th e  e x p e c te d  d e c r e a s e  in p la s m a  vo lu m e  is 2 %  or g r e a te r  (31), which
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w a s  s e e n  in th e  p r e s e n t  s tudy . Th is  lo ss  of w a te r  from p la s m a  is a p p a re n tly  
t h e  result  of t ran scap il la ry  fluid flux in th e  exerc is ing  m u sc le  (34). S in c e  th e  
p la s m a  vo lu m e  sh ifts  w e re  all e q u a l  b e tw e e n  th e  t re a tm e n ts ,  d i f fe re n c e s  in 
t im e  to  e x h a u s t io n  w a s  p robab ly  not d u e  to d i f fe re n c es  in fluid loss , h o w e v e r  
t h e  lo ss  of fluid cou ld  b e  a  contributing c a u s e  of fa tigue  in e a c h  t re a tm e n t .
O th e r  fac to rs  th a t  in f luenced  body  w a te r  lo ss  a n d  d e h y d ra t io n  w e re  the  
e lec tro ly te  c o n c e n t ra t io n s  in th e  b lood. According to  K ubica  e t  al. (67, 70), 
s o m e  w a te r  from th e  blood p la s m a  is a ls o  lost w h e n  th e re  is a  reduc tion  in 
total body  w ater.  Th is  w a te r  lo ss  is a c c o m p a n ie d  by c h a n g e s  of e lec tro ly te  
c o n c e n tra t io n  in th e  blood p la s m a  (31). P o ta s s iu m  w a s  th e  only e lec tro ly te  to 
exhibit a  t re a tm e n t  d ifference, th e re fo re  th e  d if fe ren ces  in K+ m ay  a c c o u n t  for 
th e  d if fe re n c es  in p e r fo rm a n c e  t im es .  For e a c h  t re a tm e n t  th e  K+ leve ls  
i n c r e a s e d  th ro u g h o u t  th e  e x e rc is e  with th e  caffe ine  drinks  hav ing  a  
c o n s is ten t ly  s m a l le r  in c re a s e .  During e x e rc ise ,  th e  initial i n c r e a s e  in p la s m a  
K+ co n te n t  is d u e  to  a n  efflux of K+ from th e  cell (31). F u r th e r  i n c r e a s e s  o c c u r  
a s  m ore  w a te r  is lost from ex trace l lu la r  fluid a n d  th e  K+ c o n c en tra t io n  in th e  
ex trace l lu la r  fluid i n c r e a s e s  with d e h y d ra t io n  (76). Costill (31) found  th a t  the  
h e a v y  s w e a t in g  a s s o c i a te d  with e x e rc i s e  in hot e n v iro n m e n ts  c o n tr ib u te s  to  a  
d e c r e a s e  in total body  K+. D esp ite  relatively large  s w e a t  l o s s e s  incurred  
during  p ro lo n g e d  p e r io d s  of e x e rc is e  in th e  h e a t  (1-6 hou rs)  on  r e p e a te d  d a y s ,  
th e r e  w a s  no e v id e n c e  of a  K+ deficit in e i th e r  m usc le  o r  b lood (31). During 
m o d e r a te  e x e rc is e  w h e re  th e  pH is u n c h a n g e d ,  how ever ,  th e  c h a n g e s  in K+ 
m ay  b e  sm all a n d  statistically  nonsignif icant (31). P o ta s s iu m  is continually  lost 
from th e  exerc is ing  m u sc le  during s u b m a x im a l  e n d u r a n c e  e x e rc is e ,  h o w e v e r  
th is  lo ss  d o e s  not lead  to g radua lly  inc reas ing  c o n c e n t ra t io n s  of p la s m a  K+
(117). In addition , th is  c o n t in u o u s  lo ss  p robab ly  h ad  little c o n s e q u e n c e  on  th e  
e lectrical p ro p e r t ie s  of the  cell (117). M oreover, no r e s e a rc h  h a s  tied  to g e th e r
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t h e  K+ flux with an y  effect on  p e rfo rm a n c e .  In fact, S e je r s te d  (117) s u g g e s t s  
th a t  during  p ro lo n g e d  su b m a x im a l  e x e rc is e ,  th e  sm all  ionic c h a n g e s  in th e  
ex trace l lu la r  c o m p a r tm e n t  do  not give a n y  re a s o n  to s u g g e s t  a  fa t igue  
m e c h a n is m .  S in c e  K+ leve ls  for th e  G C  a n d  P C  trials r e m a in e d  u n c h a n g e d  
during  th e  e x e rc is e  bout, K+ lo ss  c a n n o t  b e  r e sp o n s ib le  for a n  e n d u r a n c e  
p e r fo rm a n c e  l e s s  th a n  G O . F u r th e rm o re ,  a s  m en t io n e d  previously , th e  f luxes  
in K+ c o n c e n tra t io n  w e re  in th e  norm al range .
With th e  elimination of d i f fe re n c e s  in th e  workload , d eh y d ra t io n ,  a n d  
e lec tro ly te  b a la n c e s  a s  th e  c a u s e  for p e r fo rm a n c e  d iffe rence , th is  l e a v e s  
s u b s t r a te  utilization a s  th e  only rem ain ing  prim ary  factor. T h e  fo re m o st  
c o n s id e ra t io n  in s u b s t r a te  b a s e d  fa tigue  is th e  effect of h y p o g ly ce m ia  on 
m u sc u la r  a n d  n e rv o u s  s y s te m  functions. Blood g lu c o s e  level is m a in ta in e d  by 
g lu c o s e  r e l e a s e  from th e  liver. B e c a u s e  liver g ly co g en  s to r e s  a re  limited, 
p ro lo n g e d  e x e rc is e  n e c e s s i t a t e s  a n  i n c r e a s e d  re l iance  on g lu c o n e o g e n e s i s  
(68). In addition to liver g lycogen , b lood  g lu c o s e  c a n  b e  m a in ta in e d  with 
c a rb o h y d ra te  s u p p le m e n ts  (68). A high c o n t in u o u s  c a rb o h y d ra te  feed ing  
cou ld  d e la y  th e  o n s e t  of hyp o g ly cem ia  a n d  in c re a s e  tim e  to  e x h a u s t io n  by 
d e c re a s in g  th e  ra te  of liver a n d  m u sc le  g ly co g en  utilization. In addition,
P irnay  e t al. (95) found  th a t  e x o g e n o u s  g lu c o s e  s u p p le m e n ta t io n  w a s  
in s trum en ta l  in de lay ing  th e  point of e x h a u s t io n  by s p a r in g  e n d o g e n o u s  
m u sc le  g lu c o s e  s to re s .  Similar to  th e  s tu d ie s  by Ivy e t  al. (67, 68), th e  G O  
g ro u p s  h a d  h ig h er  b lood  g lu c o s e  leve ls  a n d  e n d u r a n c e  t im e s  c o m p a r e d  to 
th e  P O  g ro u p s .  In the  p r e s e n t  s tu d y  th e  G C  a n d  PC  g ro u p s  h a d  g lu c o s e  
c o n c e n t ra t io n s  h igher  th a n  th e  G O  a n d  P O  trials. Clearly, h ig h er  levels  of 
b lood  g lu c o s e  ind ica te  th a t  a  lack of g lu c o s e  w a s  not r e s p o n s ib le  for th e  
d if fe re n c es  b e tw e e n  th e  ca ffe ine  g ro u p s  a n d  th e  G O  group . Finally, 
hyp o g ly cem ia  is c h a ra c te r iz e d  by blood g lu c o s e  le s s  th a n  45  m g/dL  (88), a n d
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in th is  s tudy , th e  leve ls  of g lu c o s e  n e v e r  d ro p p e d  be low  89  mg/dL. T he re fo re ,  
it is s a f e  to  a s s u m e  th a t  hyp o g ly cem ia  w a s  not a  c a u s e  of fa t igue  in th is  s tudy .
S in c e  d if fe re n c e s  in s e ru m  g lu c o s e  do  not a p p e a r  to  b e  r e s p o n s ib le  for 
th e  d if fe ren ces  b e tw e e n  G C , PC , a n d  G O , th e  next c o m p o n e n t  of fa t igue  is 
lac ta te  a c cu m u la t io n .  N u m e ro u s  s tu d ie s  h a v e  p reviously  d e te r m in e d  th a t  th e  
c o n c e n tra t io n  of b lood  lac ta te  during e x e rc is e  w a s  c o r re la te d  with fa t igue  (4,
18, 86). In this s tudy , th e  lac ta te  levels  for the  G C  a n d  P C  g r o u p s  w e re  
significantly g re a te r  th a n  th e  G O  a n d  P O  g ro u p s ,  h o w e v e r  all v a lu e s  w e re  
within th e  norm al resting ran g e .  T h e s e  lac ta te  re su l ts  a re  s im ilar  to  th e  w ork  of 
G as t in  e t al. (54) w ho  found  th a t  su b m a x im a l  e x e rc is e  lac ta te  leve ls  w e re  
h igher  in th e  caffe ine  trial c o m p a r e d  with p lac e b o .  In addition, s e v e ra l  
in v es t ig a to rs  rep o r ted  in c r e a s e d  lac ta te  levels  within 30  m in u te s  of e x e rc is e  
following caffe ine  inges tion  (33, 110, 111). O th e r  in v es t ig a to rs  h a v e  re la ted  
th is  mild lac t icem ia  to a  ca ffe ine  in d u ce d  in c r e a s e  in g ly co g e n o ly s is  (23, 75), 
a n d  a  shift in b iochem ica l  equilibrium favoring form ation  of lac ta te  from 
py ruva te  (23), o r  a n  activation of th e  glycolytic m u sc le  f ibers  to  p ro d u c e  
lac ta te .  During e x e rc is e  how ever ,  a  b lood  lac ta te  c o n c e n t ra t io n  g r e a t e r  th a n  5 
mmol/L is re la ted  to  fa t igue  (18). In this s tudy , th e  la rg es t  v a lu e s  did not 
e x c e e d  3 mmol/L. T hus , it is unlikely tha t  th e  fatigue in th e  G C  a n d  P C  trials 
w a s  th e  result  of lac ta te  accum ula t ion .
A n o th e r  p o ss ib le  d iffe rence  in p e r fo rm a n c e  cou ld  b e  re la te d  to  th e  
c o n c en tra t io n  of FFA. A ccord ing  to R a n d le  et al. (100), e n h a n c e d  fat oxidation 
m ay  e le v a te  m u sc le  c itrate  c o n te n t  s u b s e q u e n t ly  reduc ing  m u sc le  
g ly co g e n o ly s is  during  e x e rc is e ,  a n d  th e n  de lay ing  e x h a u s t io n  in p ro lo n g e d  
e n d u r a n c e  e x e rc ise .  In se v e ra l  s tu d ie s  (50, 51, 67, 75), ca ffe ine  inges tion  
in c r e a s e d  th e  level of p la s m a  FFA 2 0 0 -3 0 0 %  during  p ro lo n g e d  e x e rc is e .  T h e  
in c r e a s e d  mobilization of FFA sh o u ld  s p a r e  m u sc le  g ly co g en ,  resu lting  in a
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p ro lo n g e d  tim e to e x h a u s t io n .  T he re fo re ,  it w a s  s p e c u la te d  th a t  if c a ffe ine  
i n c r e a s e d  th e  FFA g r e a t e r  th a n  th e  o th e r  g ro u p s ,  p e r fo rm a n c e  w ould  in c re a se .  
H ow ever, a  lack  of d if fe rence  for FFA c o n c en tra t io n  b e tw e e n  ca ffe ine  a n d  
p la c e b o  is not u n u su a l .  G r a h a m  a n d  Sprie t  (60) found  no d if fe ren ce  for FFA 
leve ls  b e tw e e n  ca ffe ine  a n d  p lac e b o ,  how ever they  d id  find a n  in c r e a s e d  
e x e rc is e  e n d u r a n c e  tim e for th e  ca ffe ine  group . It is a l s o  p o ss ib le ,  th a t  
c a rb o h y d ra te  c a n  n e g a te  th e  p o ss ib le  e rg o g e n ic  effec t of ca ffe in e  by 
d a m p e n in g  its fat-mobilizing effec t (133). T h e  FFA leve ls  for th e  G C , PC , a n d  
G O  w e re  not different in th e  p r e s e n t  s tudy , th e re fo re  it is unlikely t h a t  th e  
d if fe rence  in p e rfo rm a n c e  w a s  d u e  to  a n  i n c r e a s e d  FFA mobilization a n d  
c a rb o h y d ra te  sp a r in g  effec t of caffeine. Th is  lack of d if fe rence  in FFA 
c o n c e n t ra t io n  cou ld  b e  d u e  to  e x e rc is e  eliciting a  m ax im u m  ra te  of lipolysis in 
m o d era te ly  to highly t ra in e d  individuals. T hus ,  th e  optim al ability to utilize FFA 
during  su b m a x im a l  e x e rc is e  w ould  b e  th e  s a m e  for all t r e a tm e n ts .
Finally, a n y  d if fe re n c e s  in s u b s t r a te  utilization du ring  th e  4 trials c a n  b e  
t ra c k e d  via  th e  R E R  (95). In s o m e  s tu d ie s  of p ro lo n g e d  e x e rc is e  th e  R E R  is 
high (0.94) s u g g e s t in g  th a t  c a rb o h y d r a te s  r a th e r  th a n  lipids p ro v id e d  a  m ajor  
m etabo lic  s u b s t r a te  (134). T h e  v a lu e  of th is  m e th o d  is limited how ever ,  s in c e  
a n  in c r e a s e d  ratio m ay  b e  d u e  to o th e r  fac to rs  th a n  a n  in c r e a s e d  c a rb o h y d ra te  
oxidation. A fall in pH, a n  in c re a s e d  level of b lood  lactic ac id , in c r e a s e d  
r e le a s e  of C 0 2, a s  well a s  hyperventila tion, will affect th e  R E R  v a lu e s .  
M oreover, th e  R E R  d o e s  not d ist ingu ish  th e  re sp e c t iv e  p ropo rt ions  of 
e n d o g e n o u s  or e x o g e n o u s  c a rb o h y d ra te  w hich con tr ibu te  to  th e  e n e rg y  
s o u r c e s  (95). C on tra ry  to p rev io u s  r e s e a rc h  th a t  rep o r ted  d if fe re n c e s  in R E R  
b e tw e e n  ca ffe ine  a n d  c a rb o h y d ra te + c a f fe in e  (46, 133), in th e  p r e s e n t  s tu d y  no 
s u c h  d if fe re n c es  w e re  found. Finally, th e  R E R  in this s tu d y  s u g g e s t s  th a t  th e  4
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t r e a tm e n ts  utilized sim ilar s u b s t r a te s ,  th u s  th e  varia tion  in p e r fo rm a n c e  
b e tw e e n  G C , PC, a n d  G O  w e re  not d u e  to  s u b s t r a te  d if fe rences .
From  all of th e  e v id e n c e  s ta t e d  a b o v e ,  it a p p e a r s  th a t  e x h a u s t io n  w a s  
not d u e  to m etabo lic  fac to rs . In a  s tu d y  by Costill e t  al. (33) how ever ,  both  R E R  
a n d  b lood  d a ta  d e m o n s t r a t e d  th a t  ca ffe ine  in c r e a s e d  th e  ra te  of lipolysis, 
w hich cou ld  h a v e  s p a r e d  th e  ra te  of g ly co g en  d ep le t io n  from th e  liver a n d  
sk e le ta l  m usc le .  W hile th e  c o n c en tra t io n  of g ly co g e n  w a s  not m e a s u r e d  in 
th is  s tudy , th e  o th e r  ind ica to rs  of p e r fo rm a n c e  would  s u g g e s t  th a t  GC, PC , a n d  
G O  leve ls  would  not h a v e  b e e n  different. T h u s ,  it is unlikely th a t  d i f fe re n c es  in 
g ly co g en o ly s is  w e re  th e  r e a s o n  for G O  p e r fo rm a n c e  t im e  be ing  g r e a te r  th an  
G C  a n d  PC.
T here fo re ,  d i f fe re n c es  b e tw e e n  G C, PC , a n d  G O  w e re  not d u e  to 
a l te ra t io n s  in the  prim ary fac to rs  or p e r fo rm a n c e ,  t h u s  a n o th e r  r e a s o n  m u st  b e  
found. E x c e s s iv e  ca ffe ine  in take  c a n  lead  to a d v e r s e  re a c t io n s ,  particularly  
g a s tr ic  d is t re s s ,  n a u s e a ,  a n d  d ia r rh e a  (69, 123). F rom  a  prac tica l point of 
view, a n y  com bina tion  of t h e s e  th re e  cou ld  result  in a  d e c r e a s e d  p e r fo rm a n c e  
tim e or a n  in c re a s e d  d e s i r e  to  quit exe rc is ing  in o rd e r  to  relieve th e  prob lem .
In th is  s tudy , p e r fo rm a n c e  w a s  b a s e d  on th e  s u b je c t 's  d e s i r e  to  c o n tin u e  a n d  
the ir  feeling of "well-being." T hus ,  th e  d if fe re n c es  b e tw e e n  G O , G C , a n d  PC  
m ay  b e  d u e  to how  th e  s u b je c t  felt during th e  e x e rc is e  bout. T h e  gas tr ic  
d i s t r e s s  effect of caffe ine  c a n  b e  in tensified  by c a f fe in e 's  in fluence  on gas tr ic  
em p ty ing  time. C affe ine  re su l ts  in g as tro in te s tina l  s m o o th - m u s c le  re laxation  
which c a n  d e la y  gas tr ic  em pty ing  (49). With multiple f e e d in g s  of caffe ine , 
e a c h  n e w  feed ing  w a s  a d d e d  to th e  caffe ine  a l r e a d y  in t h e  g as tro in te s tin a l  
tract. This  cou ld  h a v e  p r o d u c e d  a n  accu m u la t io n  of fluid a n d  a  s u b s e q u e n t  
high g as tro in te s tina l  ca ffe ine  level. Unfortunately , g a s t r ic  ca ffe ine  leve ls  w ere  
not co llec ted  in this s tudy , h o w e v e r  g as tro in te s tina l  d i s t r e s s  w a s  ev id en t  in tha t
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s o m e  s u b je c t s  felt increas ing ly  m o re  n a u s e o u s  a s  th e  ca ffe ine  t e s t s  c o n tinued .
T he  feeling of " u n e a s in e s s "  s e e m e d  to  b e  a c c e n t u a t e d  by th e  u n p le a s a n t  t a s t e  
of th e  ca ffe ine  drinks. N o n e  vom ited  during th e  te s t ,  bu t m a n y  c o m p la in e d  th a t  
th e  prim ary  c a u s e  of halting th e  trial w a s  s to m a c h  d i s t r e s s .  M ost s u b je c t s  a lso  
c o m p la in e d  of p o s t- e x e rc is e  ta c h y c a rd ia  a n d  a  few  v o m ited  s e v e ra l  h o u rs  
a f te r  th e  trial e n d e d .  T h e s e  p o s t -e x e rc is e  e ffec ts  c a u s e d  u n e a s i n e s s  during  
th e  s u b s e q u e n t  ca ffe ine  trial (or trials with a n  u n p le a s a n t  tas t ing  drink), 
particularly  for s u b je c t  5  w ho  e n d e d  th e  P C  trial early , a t  99  m inu tes .  This 
su b je c t  h ad  a  b a d  reaction  on th e  GC. T h e  in v es t ig a to rs  a d v is e d  th e  su b je c t  
to quit if h e  felt b ad , h o w e v e r  h e  p u s h e d  h im self  a s  long a s  h e  w a s  c a p a b le .
His reac tion  s e v e ra l  h o u rs  a f te r  th e  t e s t  inc luded  n a u s e a ,  vom iting, a n d  
tac h y c a rd ia ,  which led  him to visit a  hospita l e m e r g e n c y  room. In addition , h e  
felt ill for th e  next 2 d a y s .  T h e re fo re ,  s e n s in g  it w a s  a n o th e r  ca ffe ine  drink, he  
w a s  ex trem e ly  he s i ta n t  to u n d e rg o  his fourth a n d  final trial, a f te r  inges t ing  th e  
b e v e r a g e  for th a t  part icu la r  t re a tm e n t .  His reac tion  w a s  o n e  of t rep idation  a n d  
h e  d e m o n s t r a t e d  f e a r  of e n c o u n te r in g  a  s im ilar result. E v e n  th o u g h  th e  
s u b je c t s  w e re  u n a w a re  of th e  c o n te n ts  of a n y  of th e  drinks, a  s im ilar reac tion  
w a s  e x p e r ie n c e d  by m o s t  s u b je c t s  w h e n  th ey  t a s t e d  th e  drink, a n d  d e c id e d  it 
w a s  m o s t  likely a  ca ffe ine  b e v e ra g e .  T h u s ,  it c a n  b e  c o n c lu d e d  th a t  th e  
d iffe rence  in p e r fo rm a n c e  t im e s  b e tw e e n  th e  G C  a n d  P C  trials c o m p a r e d  to 
th e  G O  e x p e r im e n t  w a s  m o s t  likely d u e  to a  c a f fe in e - in d u c e d  in c r e a s e  in 
g a s tr ic  d is t re s s .
S in c e  gas tr ic  d i s t r e s s  w a s  not a  c a u s e  of fa t igue  for th e  s u b je c t s  w h e n  
c o n s u m in g  th e  G O  a n d  P O  b e v e r a g e s ,  b lood  g lu c o s e  leve ls  w e re  not 
d e p r e s s e d  a n d  no e v id e n c e  of h y p o g ly cem ia  ex is ted ,  o th e r  f ac to rs  for fa t igue  
m u st  h a v e  b e e n  re s p o n s ib le  during  t h e s e  t re a tm e n ts .  T h e re fo re ,  th e re  is
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s o m e  e v id e n c e  to s u g g e s t  th a t  fa tigue  during  p ro lo n g e d  s u b m a x im a l  e x e rc is e  
cou ld  b e  th e  result  of C N S  fatigue.
At s o m e  point during  p ro lo n g e d  e x e rc is e ,  th e  individual b e c o m e s  
u n a b le  to  s u s ta in  a  c o n t in u o u s  s te a d y - s ta te  level of work. This  c a u s e  of 
fatigue is a  result  of th e  inability of the  locom oto r  m u s c le s  to  ac t  a s  force 
g e n e ra to r s  (61). This  im pa irm en t m ay  b e  periphera l ,  occurr ing  a s  a  result  of a  
failure within th e  m u s c le s  to  r e s p o n d  to th e  neu ra l  drive, o r  a s  a  resu lt  of a  
c en tra l  dysfunction , resu lting  in a  d e c r e a s e  in m o to r  d rive  (61). M aintaining 
sufficient m otor  drive b e c o m e s  m ore  difficult a n d  u n p le a s a n t  a s  fa tigue  
d e v e lo p s  (13).
T h e  s o u r c e s  for cen tra l  fatigue cou ld  b e  d u e  to a n  ac cu m u la t io n  of 
a m m o n ia  a n d /o r  inorgan ic  p h o s p h a te  (90). T h e s e  h a v e  b e e n  s h o w n  to result  
in a n  im pa irm en t of force  g e n e ra t io n  by th e  m u sc le  f ibers  (90). It h a s  a lso  
b e e n  h y p o th e s iz e d  th a t  during  p ro lo n g e d  e x e rc is e  cen tra l  fa tigue  m ay  b e  th e  
resu lt  of a n  i n c r e a s e  in th e  p la s m a  t ry p to p h a n :b ra n c h e d  cha in  a m in o  ac id  
ratio, which would i n c r e a s e  th e  s y n th e s i s  of th e  n e u ro t ra n sm it te r  5- 
hydroxy tryp tam ine  in th e  brain (13), a  n e u ro tran sm it te r  which is th o u g h t  to 
con tr ibu te  to a  s ta t e  of t i r e d n e s s .  S in ce  t h e s e  v a r ia b le s  w e re  not m e a s u r e d  in 
this s tudy , it c a n  only b e  s p e c u la te d  th a t  t h e s e  con tr ibu ted  to fa t igue  in th e  G O  
a n d  P O  g roups .
T he refo re ,  the  resu l ts  t e n d  to ind ica te  th a t  th e  5 m g/kg /hou r  d o s a g e  m ay  
h a v e  b e e n  ergolytic  by e x c e e d in g  a n  optimal d o s a g e .  P e r h a p s ,  a  d e c r e a s e d  
d o s a g e  would not elicit gas tro in tes tina l  d i s t r e s s  a n d  th e  GC, PC , a n d  G O  
e x e rc is e  t im es  would  b e  e qua l,  o r  th e  G C  a n d  P C  t im e s  would  b e  e x te n d e d .  
H ow ever, th e  d o s a g e  c h o s e n  in this s tudy , 5  m g/kg /hour, w a s  s h o w n  in 
p rev ious  r e s e a rc h  (33, 47, 67, 130) to b e  effective in in c re as in g  tim e to 
ex h au s t io n .  A n e e d  e x is ts  for a  d o s e - r e s p o n s e  s tu d y  to  d e te rm in e  th e  levels
of ca ffe ine  th a t  c a n  b e  to le ra te d  during  p ro lo n g e d  s u b m a x im a l  e x e rc is e .  It is 
fea s ib le  to  a s s u m e  th a t  if t h e  s u b je c t s  c a n  to le ra te  a  low er d o s a g e  ca ffe ine  
drink, th e  tim e to e x h a u s t io n  would  in c re a s e .
CHAPTER 6: SUMMARY AND CONCLUSIONS
T h e  p u r p o s e  of this s tu d y  w a s  to  te s t  th e  e n d u r a n c e  p e rfo rm a n c e  in 
s u b je c t s  exerc is ing  a t  a  low in tensity  in a  w arm  e n v iro n m en t  a f te r  th e  repetitive 
in take  of a  c a f fe in a te d  b e v e ra g e .  A s p reviously  s ta te d ,  Ivy e t  al. (68) s h o w e d  
th a t  a  g lu c o s e  po lym er  s u p p le m e n t  w a s  benefic ia l during  e x e rc is e  by 
in c re as in g  tim e to  e x h a u s t io n .  T h e re fo re ,  if ca ffe ine  su p p le m e n ta t io n  
in c r e a s e d  FFA utilization a t  a  low intensity, it w a s  fea s ib le  th a t  ca ffe ine  a n d /o r  
a  c a f fe in e -c a rb o h y d ra te  m ixture would b e  m ore  a d v a n ta g e o u s  c o m p a r e d  to a  
c a rb o h y d ra te  drink u n d e r  t h e s e  e x e rc is e  cond it ions .  Th is  s tu d y  d e s ig n  
c o n s is t e d  of a  protocol with e m p h a s i s  on  h u m a n  p e rfo rm a n c e .
R e s u l ts  of th e  p r e s e n t  s tu d y  ind ica te  tha t  a  c a rb o h y d ra te  s u p p le m e n t  
in g e s te d  prior to a n d  during  a  m o d e ra te  in tensity  walk  im proved  e n d u r a n c e  
ca p ac i ty  c o m p a r e d  to c a ffe in a te d  drinks. T h e  co n c lu s io n  is th a t  th e re  w a s  no 
d iffe rence  in s u b s t r a te  utilization, a n d  particularly, no h y p o g ly cem ia ;  the re fo re ,  
fa t igue  m u s t  h a v e  b e e n  d u e  to  fac to rs  o th e r  th a n  s u b s t r a t e  utilization. C affe ine  
did affect s u b s t r a te  c o n c e n t ra t io n  a s  e v id e n c e d  by th e  lac ta te  a n d  g lu c o s e  
resu lts ,  but t h e s e  a l te ra t io n s  w e re  too  sm all  to  b e  of a n y  im p o r tan ce .  Also, th e  
R E R  in this s tu d y  w a s  not different b e tw e e n  t r e a tm e n ts .  T h u s ,  all g ro u p s  u s e d  
a  high p e rc e n ta g e  of fa ts  th ro u g h o u t  th e  trials a n d  FFA utilization in c r e a s e d  a s  
th e  e x e rc is e  p r o g re s s e d .
U n d er  th e  cond it ions  of this s tudy , th e r e  is no indication to  r e c o m m e n d  
c a ffe ine  inges tion  for th e  e n h a n c e m e n t  of p ro lo n g e d  e x e rc is e  p e rfo rm a n c e .
T h e  resu l ts  did not ind ica te  caffe ine  inges tion  a s  a n  e rg o g e n ic  aid, which 
w ould  h a v e  p o s tp o n e d  e x h a u s t io n  following p ro lo n g e d  e n d u r a n c e  e x e rc is e .
In fact, it is felt th a t  th e  d o s e  of caffe ine  u s e d  in th is  s tu d y  w a s  ergolytic  d u e  to  
its a d v e r s e  gas tr ic  effec ts , a n d  it w a s  this ga s tr ic  d i s t r e s s  which p re v e n te d
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ca ffe ine  from p roducing  a n  in c r e a s e d  tim e to  e x h a u s t io n  du ring  p ro lo n g e d  
s u b m a x im a l  e x e rc is e .
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APPENDIX A: V 0 2max C O N S E N T  FORM
CONSENT TO VOLUNTARILY PARTICIPATE IN A RESEARCH
PROJECT
E x e rc ise  Phys io logy  L abora to ry  
L o u is ia n a  S t a te  University
(N a m e  of S ub jec t)
T h is  p ro jec t  req u ire s  you  to  perform  a  "fitness tes t ."  You will b e  a s k e d  to  run 
on  a  treadmill or  ride a  s ta t io n a ry  bike. T h e  w ork load  will s ta r t  ou t relatively 
e a s y ,  a n d  will b e  p ro g re ss iv e ly  i n c r e a s e d  until you c a n n o t  k e e p  up  th e  
intensity . Y our e x e rc is e  t im e  will p robab ly  not e x c e e d  10 to  15 m inu tes .
W e  will a lso  b e  m e a s u r in g  y o u r  o x y g e n  u p ta k e  (e n e rg y  e x p e n d itu re )  which 
re q u i re s  you  to b re a th e  v ia  a  b rea th in g  valve. You will b r e a th e  in room  air 
from o n e  s id e  of th e  valve , a n d  you r  exp ired  air will b e  d ire c te d  to a n  
in s t ru m e n t  which will a n a ly z e  it for o x y g en  a n d  c a rb o n  d ioxide  c o n te n t .  If w e  
m e a s u r e  your  lactic ac id  leve ls  w e  will n e e d  to  po k e  yo u r  f inger  with a  
m ic ro lance t  to d raw  e n o u g h  blood to  fill a  sm all  capillary  tu b e .
T h e  risks involved in th is  p ro jec t a re  sm all. Y our com fort a n d  sa fe ty  will b e  o u r  
fo re m o s t  c o n c e rn .  T h e  en tire  p ro c e d u re  will b e  ca rr ied  out in th e  p r e s e n c e  of 
p e rs o n n e l  w ho  a re  t ra in e d  in th e  u s e  of th e  e q u ip m e n t .
All p e rs o n a l  a n d  m ed ica l  inform ation o b ta in e d  from you  will b e  kep t in 
c o n f id e n ce .  You s h o u ld  ta k e  note, how ever , th a t  th e  u s e  of a n y  d ru g s  m ay  
in c r e a s e  th e  risk of p roducing  a  potentia lly  h a z a r d o u s  hea lth  s itua tion  during 
th e  e x e rc is e  s e s s io n s .  T h e re fo re  w e  a s k  th a t  you b e  f ree  from alcoho l a n d  
d r u g s  (prescrip tion , non-p resc rip tion , a n d  illegal) for a t  le a s t  24  h o u rs  prior to 
you r  com ing  into th e  labora tory .
It is im portan t  for t h e s e  t e s t s  tha t  you follow s o m e  p re -e x e rc is e  p ro c e d u re s :  1) 
p l e a s e  refrain from drinking an y  co ffee  o r  c a ffe in a te d  b e v e r a g e s  th e  d a y s  of 
you r  s c h e d u le d  a p p o in tm e n ts ,  2) a s  s ta t e d  a b o v e ,  you s h o u ld  b e  f ree  from 
a lcoho l a n d  d ru g s  for a t  le a s t  24  hou rs ,  3) d o  not e a t  any th ing  for 2  to  3 h o u rs  
b e fo re  you c o m e  in, a n d  4) it would  b e  m o s t  c o n v e n ie n t  if you  c a m e  d r e s s e d  to 
e x e rc is e  in s h o r t s  a n d  a  t-shirt a n d  co m fo r tab le  e x e rc is e  s h o e s .
Any information th a t  w e  ob ta in  from you will b e  u s e d  for scientific  a n d  
s ta tis tica l p u r p o s e s  only, without identifying you a s  a n  individual.
W e  d o  not e x p e c t  a n y  u n u su a l  risks a s  a  result  of th is  project;  how ever ,  s h o u ld  
a n  u n f o re s e e n  phys ica l  injury occur, a p p ro p r ia te  c a r e  will b e  p rov ided  
( s tu d e n t  hea lth  c e n te r )  but no financial c o m p e n s a t io n  will b e  given.
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You m ay  w ithdraw  from th is  s tu d y  a t  a n y  tim e without a n y  ty p e  of penalty .
Y O U R  A S S IS T A N C E  IN THIS R E S E A R C H  P R O J E C T  IS M O ST  
A PPR EC IA TED . W E WILL BE GLAD TO  SH A R E THE R E S U L T S  O F  THIS 
STUDY WITH YOU AT TH E CO NCLUSIO N O F  THE P R O JE C T .
Any fu rthe r  information will b e  p rov ided  to you by  the  r e s e a rc h e r s .
STA TEM EN T O F  INFORM ED C O N SE N T:
I , __________________________________________, be ing  of s o u n d  m ind a n d ________
y e a r s  of a g e ,  d o  h e re b y  c o n s e n t  to, a u th o r ize  a n d  r e q u e s t  e a c h  of th e  p e r s o n s  
n a m e d  be lo w  a s  in v es t ig a to rs  (and  th e  a g e n ts ,  e m p lo y e e s ,  a n d  fellow 
e m p lo y e e s  of e a c h  of th e m )  to u n d e r ta k e  a n d  perform  th e  p r o p o s e d  r e s e a rc h  
identified a n d  d e s c r ib e d  in th is  d o c u m e n t .
N a m e  D a te
S ig n a tu re  of W itn e s s  S ig n a tu re  of Inves t iga to r
Principal Inves tiga to rs :
Arnold N elson , Ph.D .
Barry S. C o h e n ,  Ph .D . S tu d e n t
APPENDIX B: BALANCED LAYOUT FOR ASSIGNMENT OF
DRINKS AND TREATMENTS
S U B J E C T  #
Trial # 1 2 3 4 5 6 7 8
1 A B C D C D A B
2 B C D A D A B C
3 D A B C B C D A
4 C D A B A B C D
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APPENDIX C: RESEARCH STUDY CONSENT FORM
Does Caffeine have an Ergogenic Benefit on Low Intensity 
Exercise Performance in a Warm Environment?
I , ___________________________________________ , h e re b y  a g r e e  to p a r t ic ip a te  a s  a
s u b je c t  in th e  r e s e a rc h  p ro jec t  entitled: D o e s  C affe ine  h a v e  a n  E rq o a e n ic  
Benefit on  Low Intensity E x e rc ise  P e r fo rm a n c e  in a  W arm  E n v iro n m en t?
I u n d e r s t a n d  th a t  I shall  perfo rm  a  s e r i e s  of 4  treadmill w a lk s  to  e x h a u s t io n ,  1 
p e r  w e e k ,  a t  a  low intensity. I u n d e rs ta n d  th a t  th is  c a n  resu lt  in a  w alk  poss ib ly  
lasting 5 h o u rs  in dura tion . I a ls o  u n d e rs ta n d  th a t  d a ta  collection will include, 
b lood  s a m p le s ,  body  w eight, t e m p e ra tu re ,  u rine collection, a n d  resp ira to ry  
m e a s u r e m e n ts .  If th e re  a r e  a n y  a b n o rm a l  v a lu e s ,  I will b e  informed.
I u n d e r s t a n d  th a t  I will b e  c o n s u m in g  e ither  a  p lac e b o ,  c a rb o h y d ra te  a n d /o r  
caffe ine  prior to  a n d  during  e a c h  walk  a n d  I will b e  b linded  a s  to  th e  c o n te n ts .
I a lso  u n d e r s t a n d  I will b e  g iven  fluid e v e ry  30  m in u tes  th ro u g h o u t  e a c h  tes t .
I u n d e rs ta n d  th e  risks of th is  s tu d y  a r e  minimal a n d  no g r e a te r  th a n  I normally 
e x p e r ie n c e  during  physica l activity, which might inc lude  d eh y d ra t io n ,  fat igue, 
a n d  poss ib ly  h e a t  illness. I h a v e  a lso  b e e n  inform ed th a t  in th e  e v e n t  of 
physica l  injury resulting  from tes t ing  p ro c e d u re s ,  L o u is ian a  S ta te  University  
would  b e  re sp o n s ib le  for m edical  t rea tm en t.  I am  aw are  th a t  I m a y  c h o o s e  to 
s to p  my participation in th e  s tu d y  at an y  tim e without a n y  c o n d e m n a t io n .
I u n d e r s t a n d  th rough  my participation in th is  s tu d y  th a t  I will b e  contributing to 
th e  body  of nutrition a n d  e x e rc is e  s c ie n c e  know ledge . I h a v e  b e e n  in form ed  
th a t  th e  re su l ts  of th is  s tu d y  m ay  b e  pub lished , but my privacy will b e  p ro te c te d  
a n d  my n a m e  will not b e  pub lished . If I s o  wish, a t  th e  co n c lu s io n  of th e  s tudy ,
I will b e  inform ed a s  to th e  resu lts .
I h a v e  c o m ple te ly  r e a d  this form. I u n d e rs ta n d  th e  p u rp o s e  of th is  s tudy , a n d
th e  p r o c e d u r e s  a n d  risks w hich a re  involved. S h o u ld  a n y  q u e s t io n s  a r i s e  I 
h a v e  b e e n  inform ed th a t  I c a n  call th e  r e s e a r c h e r s  a t  292 -5 5 0 9 ,  or 388 -2 0 3 6 .
S i g n e d __________________________________________________ D a t e _______________
S S  # _______________________________ W i t n e s s __________
Barry S. C o h e n ,  M.S., Ph .D . S tu d en t,  Principal Inves tiga to r
Arnold N elson , Ph.D ., C o-Inves t iga to r
William A n d e rso n ,  M.D., Institutional R ev iew  B oard  C ha ir  
B aton  R o u g e  G e n e ra l  M edical C e n te r ,  9 2 7 -1 1 9 0
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APPENDIX D: MEDICAL HISTORY QUESTIONNAIRE  
SELF-ADMINISTERED MEDICAL FORM
N a m e :
S S # :
D a te  of Birth: 
Height:  ___ in c h e s
Date: .







Check "X" if Yes:
Past History: Have you ever had the following?
H e a r t  M urm ur 
Injuries to  Back  
G ou t  
Ph leb it is
E le v a te d  C h o le s te ro l  o r  T rig lycerides
V a r ic o se  V eins  
E p ilep sy
B o n e  or Jo in t  P ro b le m s  
E y e  D i s e a s e  
A s th m a
List be low  a n y  h o sp ita l iz a t io n s /su rg e r ie s  for e a c h :
List a n y  o th e r  p ro b le m s  th a t  a  d o c to r  h a s  lab e led  a s  a  part icu la r  d i s e a s e :
Family History: Has any one in your family ever had?
 H y p e r te n s io n  ______ High ch o le s te ro l  o r  t r ig lycerides
 D ia b e te s  ______ S tro k e
 S u d d e n  o r  early  d e a th   A s th m a
 H ea r t  d i s e a s e ,  w h o ? ______________________________________________
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List a n y  o th e r  family i l lnesses :
Present Symptoms Review: Have you recently had:
L o ss  of a p p e t i te  
W eigh t  lo ss  
F a t ig u e  suscep tib ili ty  
Anxiety
B ack  or joint pain 
G a s tro in te s t in a l  d i s o r d e r s  
Difficulty in urinating 
F lank  pain  
Night t im e  urination 
P o o r  vision 
Flu like s y m p to m s  
C lay  co lo re d  s to o ls  
D ia r rh e a /c o n s t ip a t io n  
A bdom ina l  pain  
History of e x trao rd ina ry  
appe ti te / th irs t
Night s w e a t s  
W eigh t  gain  
D e p re s s io n  
S le e p  d i s tu r b a n c e s  
R e c e n t  c h e s t  X-ray 
W h e n ?
Painful urination 
B loody urination  
F re q u e n t  urination 
Im b a la n c e  or ringing e a r s  
H e a d a c h e s  
J a u n d ic e /h e p a t i t i s  
N a u se a /v o m it in g  
T es t ic u la r  m a s s e s  o r  
U n d e s c e n d e d  te s t ic le s  
P r o s ta te  in fec tion /tum or
Medical References:
Fam ily  P h y s ic ian  a n d  P h o n e  #: 
S p e c ia l i s t s  a n d  P h o n e  # 's :  ___
List n a m e s  a n d  d o s e s  of all m e d ic a t io n s  or d ru g s :  ( tranquilizers , insulin, cold  
m ed ic a t io n s ,  c a rd ia c  d ru g s ,  a n t i - d e p r e s s a n t s ,  thyroid m ed ic a t io n s ,  d iuretics , 
a s th m a  m ed ica t ions ,  h o rm o n e s ) .  S in c e  u s e  of p sy c h o a c t iv e  d r u g s  s u c h  a s  
m ari juana , c o c a in e ,  a n d  a m p h e ta m in e s  m ay  affec t you r  hea lth  a n d  
p e r fo rm a n c e ,  t h e s e  s h o u ld  a lso  b e  ind ica ted . All s t a t e m e n t s  p rov ided  a re  
held  in strict co n f id en ce .
Allergy History: (F o o d s  a n d  M edica tions)
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Special Category: Have you ever had:
 R h e u m a tic  fever
 H ea r t  d i s e a s e
 Any lung d i s e a s e
 D ia b e te s
 Thyroid d i s e a s e
 R e c e n t  feve r
 T ig h tn e s s  in c h e s t
 H ea r t  pa lp i ta t ions
 C o u g h in g  up  b lood
 Fainting o r  d iz z in e s s
 Bloody o r  b lack  s to o ls
Social History:
Marital S ta tu s :  ______________
O c c u p a t io n :  ______________
Is it s e d e n t a r y ?  _____
E d u c a tio n a l  History:
H o b b ie s :
C ig a re t te s  or c ig a rs  s m o k e d  p e r  d a y ?
Alcohol c o n s u m p t io n  (how  often, how  m u ch ? )
Caffeine Consumption: (i.e. co ffee , t e a ,  c o la s ,  c h o c o la te ,  e tc .)
Daily C o n su m p tio n :  (i.e. c u p s ,  c a n s ,  b a rs ,  e tc .)  Be Specific.
(i.e. 3 c u p s  coffee , 2 -1 2o z  C o k e s ,  1 N estle  bar, etc .)
la s t  w e e k :
las t  3 m o n th s :  
las t  6 m o n th s :
High b lood  p r e s s u r e
Arterial v a s c u la r  d i s e a s e
A s th m a
A n e m ia
P a ra ly s is
C h e s t  pain
S h o r tn e s s  of b re a th
C o u g h in g  on  ex e r t io n  o r  rec line
S h o r tn e s s  of b re a th  w h e n  lying d ow n
P a s s in g  ou t o r  ep ilep tic  fits
la s t  y e a r :
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Activity E x p e r ie n c e :  (i.e. a n y  a e ro b ic  o r  a n a e r o b ic  activity including total time)
Be Specific, (i.e. w eigh t lifting 3 t im es ,  walking 2X 30  m inu tes )
la s t  w e e k :  _____________________________________________________________
las t  3 m o n th s :  _________________________________________________________
las t  6  m o n th s :  _________________________________________________________
las t  yea r:  _________________________________________________________
B ody  w eigh t 2 y e a r s  a g o :  _________________________
B ody  w eight 1 y e a r  a g o :  _________________________
APPENDIX E: STUDY FLOW CHART
S U B JE C T ’S NAM E:
TRIAL: 1 2 3 4 DATE: / / 94
T IM E
7:00 AM Subject arrives at lab
kg body weight recorded
Given GatorPro drink
Q-plex calibrated
check to see  all drinks are available
check to s e e  all supplies are available
turn on space heaters
7:45 AM oC room temperature
%rh room humidity
mmHg barometric pressure




8:00 AM place subject on treadmill
TIM E 1 insert mouthpiece, record 5 minutes
8:30 AM bpm pulse
TIM E 2 oC core temperature
give drink
insert mouthpiece, record 5 minutes
9:00 AM 2nd blood draw
TIM E 3 bpm pulse
oC core temperature
give drink
insert mouthpiece, record 5 minutes
oC room temperature
%rh room humidity
I mmHg barometric pressure
9:30 AM bpm pulse
TIM E 4 oC core temperature
give drink
insert mouthpiece, record 5 minutes
10:00 AM 3rd blood draw
TIM E 5 bpm pulse
oC core temperature
r: : ' give drink
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10:30  AM bpm pulse
TIM E 6 oC core temperature
give drink
insert mouthpiece, record 5 minutes
11:00  AM 4th blood draw
TIM E 7 bpm pulse
oC core temperature
give drink




11:30 AM bpm pulse
TIM E 8 oC core temperature
give drink
insert mouthpiece, record 5 minutes
12:00  PM 5th blood draw
TIM E 9 bpm pulse
oC core temperature
give drink




12:30 PM bpm pulse
TIM E 10 oC core temperature
give drink
insert mouthpiece, record 5 minutes
1:00 PM 6th blood draw
TIM E 11 bpm pulse
oC core temperature
give drink




END OF TEST Time
T IM E last blood draw
bpm pulse
oC core temperature


































































Rm Relative Humidity (%)









































51 V 0 2
5 2 V C 02
53 RQ
5 4 V 02 /k g
5 5 % 02















71 V 0 2
72 V C 02
73 RQ
74 V 02/k g
75 % 02
7 6 % C 02
7 7 Kcal
78  Time 5 Room Temp
79 Rel. Hum.
8 0 Bar. Press.
81 HR
8 2 Core Temp
8 3 VE
8 4 RR
8 5 V 0 2
8 6 V C 02
8 7 RQ
88 V 0 2 /k g
89 % 02















105 V 0 2























































































































































































































Steps in plasma volume formula 
Plasma volume change T1 to T3 
Plasma volume change T3 to T5 
Plasma volume change T5 to T7 
Plasma volume change T7 to T9 
Plasma volume change T9 to T11
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Subject Trt Drink ! SS# Age! Ht Wt ; Max PreWt TUemp T1RH T1BP T1HR T1 Core T1VE T1RR
CMO> T1VC02|T1RQ
1 C GATOR ONLY 438024706 22 177.8 88.8 ! 54.1 87.7 25 56 766.2 45 97.2 39.13 26.95 1.42 1.38 0.97
1 D PLACEBO/CAFF! 22 88.2 24.5 40 771.2 56 98.65 43.84 24.2 1.64 1.47 0.89
1 B PLACEBO ONLY, 22 - 86.8 23.5 52 764.8 52 97.3 37.9 21.25 1.67 1.42 0.85
1 A GATOR/CAFF j 22 87.3 26 48 767.5 56 98.3 47.95 25.6 1.9 1.75 0.92
2 C GO j 433048622 22 180.3 82.8 ; 49 82.8 24 49 760.8 67 97.9 35.53 17.95 1.51 1.38 0.91
2 D PC 22 79.5 ! 24.5 48 769.1 68 96.8 37.19 19.85 1.67 1.43 0.86
2 B PO ! 22 80.9 | 28.5 32 766 64 96.5 34.1 20.85 1.51 1.33 0.88
2 A GC | 22 80 i 27 46 765.2 64 95.9 41.11 20.75 1.69 1.54 0.91
3 D PC j 433614636 22 182.9 73.8 I 45.2 74.5 j 23.5 34 775.5 68 94.7 31.85 17.7 1.33 1.25 0.94
3 A GC ! 22 74.1 24 40 771.3 67 96.5 34.04 24.21 1.48 1.3 0.88
3 C GO 22 74.1 27 41 765.2 62 96.5 33.96 22.35 1.44 1.26 0.87
3 B PO 22 73.2 ! 25 44 766 66 96.4 32.96 23.58 1.45 1.24 0.86
4 A GC 434351707 22 175.3 76.8 : 50.4 75.4 25 44 768.9 60 97.8 33.81 11.75 1.55 1.39 0.9
4 B PO i 22 : 75.5 24.5 46 765.8 76 98.2 35.43 18.37 1.51 1.39 0.92
4 D PC 22 76 25 50 767.5 72 97.7 37.85 16.35 1.58 1.44 0.91
4 C GO 22 74.5 26.5 48 766 88 97.4 37.79 16.6 1.66 1.51 0.91
5 B PO 1433276028 24 185.4 81.4 I 47.9 80.4 24 31 772.5 55 97.1 24.63 18.15 1.16 1 0.87
5 C GO 24 80.9 25 47 772.4 68 96.4 46.09 22.7 1.91 1.75 0.92
5 A GC 24 80.5 : 26.5 61 766.2 68 96.1 37.45 20.05 1.57 1.45 0.92
5 D PC 24 80.5 26 72 764.5 108 96.6 34.1 16.9 1.5 1.37 0.91
6 D PC :433131707 21 182.9 89.1 ! 51.5 89.3 26 48 770.5 68 97 45.39 26.2 1.8 1.64 0.91
6 A GC 21 89.5 27.5 44 766 48 95.2 45.96 26.59 1.81 1.68 0.93
6 C GO 21 90.9 25 56 770.1 56 97.4 46.46 25.3 1.89 1.81 0.96
6 B PO 21 91.1 27 46 763.4 52 95.5 44.2 26.15 1.81 1.68 0.93
7 A GC 214067395 25 182.9 88.6 49.1 90.4 24 48 767.6 66 97.8 35.72 11.45 1.81 1.51 0.83
7 i B PO 25 90.5 25 48 768.7 68 97.3 43.19 15.5 1.93 1.71 0.89
7 D PC 25 90.5 23 54 763.1 72 97.5 44.7 15.19 1.81 1.68 0.92
7 C GO 25 90.5 28 42 766.1 68 95.7 44.58 16.75 1.89 1.72 0.91
8 B PO 313746411 22 170.2 77.8 43.5 78.6 23.5 52 766.2 60 96.8 30.27 18.9 1.35 1.24 0.91
8 C GO 22 79.5 27 44 770 56 97.3 34.47 18.65 1.54 1.42 0.92
8 A GC 22 79.3 25 50 768.6 44 98.2 40.65 23.05 1.65 1.52 0.92







T1V02KG T1 % 02: T1 % C02: T1 KCALi T1 HCT; T1 Hb T1GLU TlNa T1K T1CI T1TRIG T1FFA T1LACT T2HR T2Core T2VE T2RR T2V021 T2VC02
16.25 16.48 4.32 7.13 ! 43.6 14.80 88 142 4.4 103 98 0.06 2.9 68 98.5 39.56 21.86 ; 1.64 1.53
18.68 16.46 4.08 8.1 42.8 14.70 76 144 4.5 104 95 0.06 2 64 98.25 49.15 27.6 1.79 1.52
19.29 15.74 4.59 8.15 43.7 15.1 o ; 81 139 4.4 101 77 0.02 1.3 84 98.4 44.72 25 1.95 1.58
21.78 16.22 4.46 9.41 : 42.3 14.70! 123 138 ; 4.1 103 67 0.01 1.5 96 98.5 52.28 25.57 2.08 1.83
18.72 15.86 4.75 7.48 ; 44.7 15.20 161 137 j 4.9 103 60 0.07 2.7 124 96.2 37.84 17.95 1.68 1.53
21 15.7 4.66 8.15 43.7 15.00 115 141 : 4 104 60 0.08 2.3 112 96.7 40.9 18.55 1.73 1.5
18.75 15.66 4.76 7.44 ! 45.1 15.30; 112 141 4.2 104 64 0.05 1.6 108 96.8 38.13 17.48 1.72 1.52
21.2 15.99 4.62 8.38 ; 45 15.50 86 144 4.2 105 84 0.05 2.8 120 95.5 42.95 22.35 1.81 1.57
17.87 16.03 4.71 6.62 42.5 15.10 59 142 4.6 106 338 0 1.6 120 97.25 34.99 20.11 1.49 1.35
19.98 15.82 4.66 7.27 i 41.8 14.40 93 140 4 104 194 0.01 1.8 112 97.3 35.9 25.1 1.54 1.38
19.51 15.92 4.53 7.08 41.7 14.50 71 139 4.8 105 168 0 1.7 132 97.7 37.2 26.19 1.57 1.38
19.84 : 15.78 4.59 7.08 39.1 13.90 77 142 3.9 106 166 0.03 1.3 124 97.9 34.41 25.5 1.49 1.3
20.56 15.53 5.01 7.63 47.3 16.50 99 139 3.9 104 78 0.1 2.5 128 98.8 36.63 14.05 1.72 1.52
20.03 15.86 4.82 7.47 44.5 15.90 92 141 4 104 63 0.07 2.2 108 97.7 35.75 19.45 1.56 1.4
20.85 15.98 ; 4.66 7.81 46.3 16.20 74 139 3.3 104 93 0.08 2.6 114 97.8 38.37 15.05 1.62 1.42
22.3 15.68 4.87 8.21 47.2 16.30 105 138 4 103 94 0.06 2 120 97.6 33.96 14.2 1.64 1.42
14.43 15.47 4.91 5.67 47.1 15.90 96 142 4.4 102 207 0.11 2.8 112 ; 97.3 32.01 19.4 1.46 1.29
23.61 16.05 4.6 9.44 45.7 15.50 81 ; 140 4 101 160 0.05 1.6 120 97.4 41.57 22.05 1.74 1.52
19.54 15.93 : 4.73 7.78 46.2 15.90 114 139 4.5 99 200 0.1 1.8 136 97.4 46.03 27.05 1.79 1.58
18.72 15.66 4.9 7.43 43.7 15.00 122 140 4.1 100 134 0.13 2.6 112 96.7 41.83 20.3 1.78 1.58
20.12 16.21 4.39 8.9 42 14.40 82 140 4.2 104 115 0.04 1.9 124 . 97.7 51.95 28.43 2.05 1.78
20.23 16.21 4.44 8.98 39.9 13.60 116 142 4 105 81 0.04 2 124 95.6 52.05 29.1 2.04 1.83
20.77 16.06 4.71 9.43 40.9 13.90 74 140 4.3 103 87 0.08 1.5 124 97.1 52.1 27.5 2.15 1.95
19.95 16.05 4.66 8.98 39.8 13.60 95 140 4.3 105 87 0.04 2 112 94.6 52.86 29.45 2.1 1.92
20.02 15.02 5.12 8.79 42.1 14.30 101 141 4 104 49 0.16 1.4 128 98.6 40.89 14.4 1.95 1.54
21.36 15.67 4.83 ; 9.49 42.6 ; 14.30 61 : 140 4.7 106 136 0.05 1.8 5 100 98.3 41.22 16.85 1.9 1.61
20.07 16.06 4.58 : 8.99 41.4 14.10 83 : 140 4 106 85 0.05 1.7 : 116 98.5 44.92 15.1 1.94 1.66
20.92 15.86 4.73 9.34 40.8 14.10 81 139 4.2 104 103 0.14 1.6 88 94.7 45.04 19.27 1.95 1.66
17.2 15.63 4.95 6.69 42.3 14.70 103 138 4.9 103 159 0.06 1.4 100 97.6 39.99 22.6 1.56 1.49
19.46 15.62 4.98 7.66 39.9 13.60 68 139 4.5 104 131 0.17 1.3 116 97 37.07 25.1 1.54 1.39
20.91 16.09 4.56 8.19 42.2 14.70 75 139 4.1 105 161 0.09 1.7 84 97.3 43.23 24.55 1.7 1.57
19.94 15.68 4.71 7.59 39.5 13.80 123 140 3.9 103 95 0.13 0.8 100 96.2 36.5 21.25 1.59 1.35
T2RQ; T2V02KG! T2%02! T2%C021 T2KCAL i T3Temp T3RH T3BP T3HR T3Core T3VE T3RR T3V02 T3VC02 T3RQ T3V02KGI T3%02 T3%C02
0.93 18.7 15.97 4.73 8.14 25 56 766.2 96 | 98.5 39.31 19.4 1.82 1.57 0.86 20.79 15.37 4.96
0.85 20.37 16.58 3.81 8.74 26 45 771.4 68 j 96.3 49.4 27.6 1.89 1.51 0.8 21.49 16.49 3.75
0.81 22.49 15.84 4.36 9.43 26 51 764.8 76 97 43.73 26.55 1.98 1.52 0.76 22.87 15.69 4.27
0.88 23.88 16.23 4.3 10.22 26.5 52 767.5 108 ! 98.4 52.42 26.55 2.15 1.78 0.83 24.63 16.16 4.17
0.91 20.74 15.63 4.94 8.29 26 45 760.8 124 94.9 39.38 17.05 1.74 1.56 0.9 21.58 15.66 4.88
0.87 21.77 15.98 4.49 8.47 28 42 769.1 120 97.2 38.15 20.75 1.79 1.38 0.78 22.49 15.57 4.42
0.89 21.28 15.55 4.93 8.45 26.5 55 766.4 112 ' 97 38.69 19.95 1.81 1.45 0.8 22.41 15.46 4.63
0.86 22.7 15.91 4.51 8.88 26 58 765.2 132 95.2 40.61 22.05 1.76 1.45 0.82 22.11 15.82 4.33
0.91 20.03 15.97 4.66 7.36 23.5 34 775.5 144 97.8 38.37 21.75 1.54 1.36 0.88 20.76 16.28 4.29
0.89 20.88 15.87 4.67 7.6 26 25 772.5 116 98.6 32.43 23 1.48 1.23 0.83 20.06 15.61 4.62
0.88 21.26 15.92 4.51 7.72 27 41 765.2 116 i 97.9 38.69 24.95 1.63 1.4 0.86 22.01 15.98 4.42
0.87 20.46 15.82 4.63 7.33 26 45 766.9 112 98 34.02 27.16 1.46 1.2 0.82 20.04 15.94 4.31
0.88 22.8 15.36 5.04 8.44 26.5 48 768.9 116 98.8 36.2 13 1.72 1.47 0.85 22.88 15.36 4.96
0.9 20.74 15.76 4.82 7.71 27 46 765.8 116 98.3 36.5 16.8 1.68 1.4 0.83 22.28 15.57 4.7
0.88 21.47 15.95 4.54 7.98 25.5 48 767.5 112 97.6 37.82 20.2 1.74 1.39 0.79 22.97 15.58 4.47
0.86 22 15.23 5.11 8.01 27 58 766 112 98.4 35.92 17 1.76 1.48 0.84 23.61 15.17 5.15
0.88 18.18 15.6 4.87 7.18 25.5 34 772.5 102 97.5 33.95 20.58 1.59 1.36 0.85 19.81 15.51 4.86
0.87 21.58 16.03 4.48 8.55 30 56 773.2 100 97.9 41.09 23.8 1.82 1.48 0.82 22.5 15.84 4.48
0.89 22.27 16.3 4.3 8.8 28 66 766.3 148 98 40.17 22.3 1.71 1.43 0.83 21.26 15.94 4.37
0.89 22.2 15.84 4.61 8.78 27 72 764.5 144 97.8 42.33 21.4 1.83 1.53 0.83 22.84 15.85 4.37
0.87 22.94 16.28 4.22 10.04 27 52 770.5 140 97.6 50.7 28.67 2.12 1.67 0.79 23.75 16.09 4.07
0.89 22.86 16.25 4.29 10.07 26 54 766 128 95.1 50.73 30.04 2.09 1.74 0.83 23.4 16.07 4.21
0.91 23.67 16.02 4.54 10.62 26 54 770.1 120 97.3 53.88 31.15 2.16 1.92 0.89 23.8 16.2 4.34
0.91 23.2 16.17 4.53 10.41 26.5 61 763.4 112 94.9 52.17 29.45 2.13 1.87 0.88 23.45 16.11 4.49
0.79 21.63 15.37 4.65 9.4 27 46 767.6 128 98.7 42.93 18.16 2.03 1.56 0.77 22.53 15.49 4.49
0.85 21.03 15.53 4.77 9.26 28 42 769.5 132 97.9 41.98 19.15 1.9 1.55 0.82 21.06 15.66 4.54
0.85 21.56 15.84 | 4.54 9.5 27 52 763.1 124 98.4 44.17 20.85 2.02 1.56 0.77 22.33 15.68 4.32
0.85 21.59 15.79 j 4.54 9.51 26.5 52 766.6 144 95.2 46.72 22.7 2.04 1.66 0.81 22.64 15.74 4.37
0.96 19.89 16.26 4.5 7.79 27 44 766.2 124 97.1 40.85 26.35 1.62 1.45 0.9 20.61 16.18 4.39
0.9 19.38 16.01 4.56 7.59 26.5 48 770 128 97.1 39.81 26.55 1.65 1.45 0.88 20.81 16.05 4.47
0.92 21.49 16.28 4.43 8.42 27 52 768.6 120 97.4 44.95 21.35 1.62 1.45 0.89 20.54 16.64 4.01
0.85 20.5 15.82 4.51 7.76 27 46 765.8 108 97.1 37.8 22.3 1.65 1.33 0.81 21.25 15.88 4.33
T3KCAL T3HCT T3Hb T3GLU T3Na; T3K! T3CI j T3TRIG! T3FFA T3LACT T4HR T4Core T4VE T4RR T4V02 T4VC02 T4RQ T4V02KG T4%02
8.9 45.8 j 15.80 95 140 ! 4.8 i 108 143 0.04 1.6 120 98.7 43.61 21.45 1.92 1.68 0.88 21.88 15.7
9.12 43.9 15.40 ; 101 140 ! 4.2 j 104 126 0.11 1.4 60 97.9 ! 54.5 30.05 2.02 1.61 0.79 22.99 16.65
9.48 44 15.40 i 96 139 4.3 I 103 80 0.31 1 88 98.35 44.45 26.95 2.04 1.53 0.75 23.51 15.66
10.42 45.4 15.80 i 123 141 4.1 | 104 98 0.1 1.6 100 98.7 51.87 22.62 2.19 1.82 0.83 25.18 16
8.59 45.5 ; 15.60 I 114 139 4.7 I 107 63 0.06 1.4 128 96.7 40.64 21.15 1.78 1.53 0.86 22.07 15.7
8.57 46.3 i 16.00 81 141 3.7 104 51 0.13 2.5 120 97.3 40.92 19.7 1.84 1.43 0.78 23.23 15.84
8.73 46.2 15.90! 74 142 4.5 ! 107 69 0.06 0.9 112 97.1 39.46 20.55 1.83 1.45 0.79 22.63 15.53
8.55 46.4 16.00 ! 100 142 3.9 i 104 90 0.08 2.5 120 96.5 42.94 25.65 1.82 1.46 0.8 22.76 16
7.59 44 15.50! 89 141 4.5 I 110 319 0 1.9 148 97.5 39.36 | 24.55 1.56 1.35 0.87 20.93 16.37
7.21 41.7 114.60 1 93 139 4.6 ; 107 136 0.01 1.3 116 96.7 34.33 24.63 1.52 1.29 0.85 20.49 15.8
7.96 41.9 14.70 90 140 4.6 108 172 0.12 1.4 124 97.7 38.86 26.1 1.65 1.38 0.84 22.32 15.98
7.09 40.1 14.00 93 141 4.5 109 112 0.01 0.8 104 97.9 33.89 ! 25.15 1.46 1.19 0.81 20.02 15.94
8.42 48.3 16.60 88 141 4 106 81 0.09 2.4 124 98.1 40.06 17.8 1.8 1.54 0.86 23.92 15.7
8.16 46.4 16.30 97 142 4.4 ; 106 72 0.13 2 124 98.5 39.19 18.15 1.78 1.47 0.83 23.67 15.66
8.39 47.6 16.30 99 139 3.6 104 89 0.13 2.9 112 97.9 38.17 18.95 1.74 1.41 0.81 22.98 15.67
8.56 46.9 16.60 94 139 4.6 106 96 0.08 1.4 136 98.2 34.11 16.21 1.65 1.35 i 0.82 22.09 15.3
7.77 47.1 16.20 97 140 4.9 107 156 0.11 1.3 116 98.4 37.47 26.5 1.65 1.4 0.85 20.53 15.84
8.8 46 15.70 96 139 4.6 103 176 0.07 1.4 100 96.8 38.33 22.3 1.77 1.46 0.82 21.92 15.44
8.3 47 16.00 98 ; 140 4.3 103 185 ; 0.08 1.8 144 98.1 44.58 21.8 1.7 1.49 0.88 21.11 16.4
8.92 45.3 15.50 100 141 4.4 103 163 0.1 2.1 136 97.3 49.03 20.4 1.58 1.37 0.87 19.7 17.14
10.21 42.1 14.70 104 : 139 4.3 107 114 ; 0.16 1.8 132 97.4 53.03 28.7 2.18 1.73 0.8 24.41 16.19
10.16 41.1 14.10 114 142 4.4 107 104 0.05 2 140 95.9 54.01 30.7 2.14 1.79 0.84 23.94 16.27
10.64 41.6 14.50 104 ; 139 4.8 107 108 0.06 1.3 128 : 97.2 50.28 29.65 ; 2.05 1.79 0.87 22.61 ■ 16.13
10.46 40.7 13.80 98 140 4.6 108 101 0.05 1.1 112 94.5 53.55 31.3 : 2.14 1.85 0.86 23.65 16.22
9.73 43.3 15.00 111 143 4.6 105 58 0.26 2 144 98.1 45 18.25 2.08 1.56 0.75 23.01 15.67
9.21 41 14.30 97 I 140 5.1 107 98 0.16 1.2 128 ; 98.3 41.22 i 16.3 1.91 1.55 0.81 21.17 15.59
9.67 40.5 14.10 103 i 140 4.1 108 93 0.09 2 : 140 98.5 47.22 I 23.5 ; 1.99 1.58 0.79 22.01 : 16.08
9.9 42.1 14.40 97 139 4.6 105 121 0.08 1.5 136 95 46.57 : 21.67 : 2.09 1.64 0.78 23.1 : 15.65
7.98 43.2 14.80 93 139 ! 4.9 102 117 0.26 0.8 112 97.4 40.72 28.05 ! 1.6 1.42 0.89 ; 20.45 16.33
8.11 42.4 14.70 97 140 4.6 106 116 0.09 1 132 97.4 41.67 25.8 ; 1.73 1.5 0.87 21.73 16.09
7.99 43.7 14.90 94 140 4.2 106 116 0.14 1.9 124 97.2 43.24 25.1 1.64 1.41 0.86 20.82 16.48
7.96 41.2 14.40 105 139 4.1 106 96 0.1 0.9 124 97.4 45.95 28.3 1.7 1.38 0.81 21.85 16.62
T4%C02! T4KCAL; T5Temp T5RH T5BP IT5HR T5Core T5VE T5RR T5V02 T5VC02 T5RQ T5V02KG | T5%02 T5%C02 T5KCAL T5HCT T5Hb
4.77 9.41 26.5 49 ! 768.3 110 97.7 42.03 23.7 1.92 1.56 0.81 21.97 15.44 4.67 9.3 47.1 16.40
3.62 9.75 27 40 771.4 72 96.9 53 27 2.12 1.65 0.78 24.16 16.25 3.84 10.2 46.3 16.20
4.25 9.71 27 49 764.8 92 98.2 43.59 26.24 2.03 1.47 0.73 23.45 15.6 4.2 9.64 46.9 16.10
4.32 10.65 26.5 55 : 767.7 132 98.2 52.47 27 2.16 1.69 0.78 24.8 16.2 3.93 10.38 47.5 16.50
4.66 8.71 27 44 760.8 128 96.4 40.81 20.95 1.83 1.51 0.82 22.7 15.64 4.58 8.89 45 15.70
4.3 8.85 28 47 769.1 140 97.6 37.94 20.85 1.89 1.31 0.69 23.87 15.39 4.32 8.92 47.7 16.50
4.52 8.81 27.5 56 766 116 96.6 36.59 21.65 1.84 1.35 0.73 22.75 15.16 4.48 8.72 46.1 16.30
4.16 8.77 26.5 55 765.2 152 96.5 42.96 27.1 1.87 1.44 0.77 23.36 15.81 4.15 8.94 47.7 16.60
4.17 7.63 28 30 775.1 164 97.2 35.85 26.05 1.53 1.16 0.76 20.55 16.1 3.94 7.31 45 16.00
4.6 7.39 26 36 772.5 116 97.5 32.91 25 1.59 1.2 0.75 21.46 15.43 4.47 7.58 41.6 14.80
4.34 8.03 28 42 765.2 124 98.1 36.38 27.2 1.62 1.25 0.77 21.93 15.8 4.22 7.77 41 14.50
4.27 7.07 26.5 42 767.1 116 98 34.33 24.55 1.51 1.18 0.78 20.74 15.9 4.23 7.27 39.3 14.00
4.69 8.79 27 46 768.3 124 99.1 37.77 20.2 1.72 1.43 0.83 22.85 15.55 4.62 8.36 48.1 16.80
4.6 8.65 28 45 766.8 128 98.1 35.5 18.85 1.72 1.3 0.76 22.83 15.42 4.48 8.21 45.6 16.40
4.51 8.42 27 44 767.8 124 97.7 39.64 19.6 1.76 1.39 0.78 23.23 15.79 4.27 8.47 45.1 15.90
4.96 7.98 26.5 55 766.5 ! 140 97.35 35.38 16.15 1.7 1.34 0.79 22.9 15.36 4.66 8.2 47.4 16.60
4.53 8.05 26 34 772.5 124 97.75 40.35 29.86 1.74 1.43 0.82 21.65 16.01 4.4 8.43 47.2 16.10
4.71 8.59 30 56 773.2 152 97.4 44.37 23.75 1.75 1.55 0.89 21.67 16.05 4.33 8.61 47.1 16.20
4.13 8.33 29 54 766.3 128 98.2 44.44 21.05 1.75 1.4 0.8 21.81 16.38 3.96 8.44 48 16.30
3.39 7.75 45.3 15.90
4.04 10.51 26.5 52 770.5 152 97.2 53.59 30.95 2.18 1.65 0.76 24.44 16.27 3.85 10.43 42.4 14.70
4.03 10.41 25.5 54 766 136 96.5 55.29 29.25 2.21 1.78 0.81 24.7 16.3 3.92 10.67 41.5 14.50
4.33 10.06 26 54 770 124 98.2 49.38 30.8 2.04 1.73 0.85 22.49 16.1 4.35 9.95 42 14.50
4.33 10.5 28 52 763.8 116 94.5 49.86 31.05 2.09 1.7 0.81 23.07 16.03 4.23 10.12 41.1 13.90
4.27 9.9 25 43 768 150 98.7 46.86 22.4 2.09 1.56 0.75 23.19 15.87 4.11 9.98 43.6 15.10
4.63 9.24 28 42 769.5 124 97.7 42.82 20.9 2.01 1.52 0.75 22.32 15.57 4.37 9.61 42.2 14.60
4.11 9.57 27 ! 51 763.1 140 98.6 48.37 20.95 2.2 1.61 0.73 24.35 15.75 4.12 10.44 40.5 14.00
4.31 10.02 27 ! 58 766.5 144 95.7 45.77 24.76 2.08 1.54 0.74 23.06 15.61 4.14 9.91 43.8 15.20
4.31 7.9 28 : 42 766.2 124 96.5 37.08 23.86 1.6 1.3 0.82 20.35 15.96 4.34 7.73 44.3 15.20
4.43 8.46 28.5 48 770.6 132 97.6 37.6 22.9 1.71 1.36 0.79 21.58 15.7 4.51 8.25 42.9 14.70
4.07 8.03 27 49 769 128 98.5 43.22 24.2 1.68 1.39 0.83 21.32 16.43 3.99 8.17 42.5 15.00
3.81 8.2 27.5 50 765.8 140 97.2 38.42 28.75 1.67 1.13 0.68 21.5 16.02 3.68 7.82 42.1 14.40
T5GLU T5Na T5K T5CI T5TRIGj T5FFAIT5LACTIT6HR T6Core T6VEIT6RR T6V02 j T6VC021 T6RQ T6V02KG T6% 02! T6%C02 j T6KCAL i T7Temp
113 142 4.9 106 143 0.2 1.5 112 98.9 40.19 21.80 1.83 1.57 0.36 20.88 15.54 4.77 8.94
105 141 3.8 104 136 0.25 1.4 80 97.95 53.31 27.65 2.12 1.69 0.8 24.12 16.28 3.84 10.23
95 139 4.3 103 94 0.47 0.8 84 98.3 49.7 29.45 2.17 1.62 0.75 25.05 15.88 4.06 10.35
118 141 4.1 103 108 0.46 1.5 144 98.8 56.91 29.38 2.21 1.76 0.8 25.43 16.43 3.88 10.68 27
87 141 4.5 106 72 0.1 1.4 132 94.9 40.1 21.50 1.85 1.43 0.77 22.94 15.59 4.49 8.88 26
97 142 3.8 103 66 0.26 2.8 128 97.6 40.52 23.00 1.84 1.39 0.75 23.17 15.82 4.25 8.78 26
88 143 4.7 106 83 0.16 1.5 128 97.5 38.19 22.70 1.83 1.39 0.76 22.73 15.39 4.46 8.76 27
100 142 4.1 104 91 0.12 2.5 148 97.1 42.23 26.75 1.76 1.4 0.8 22.06 15.98 4.16 8.49 27
97 142 4 106 294 0.04 4.4 152 98.4 41.51 24.95 1.66 1.39 0.83 22.39 16.27 4.06 8.1 28
86 140 5.4 108 123 0.03 1.6 124 96.9 35.99 26.50 1.59 1.29 0.81 21.54 15.84 4.39 7.7 27
79 141 4.7 107 180 0.03 1.2 136 98.2 37.88 28.45 1.63 1.29 0.79 22.02 15.96 4.17 7.85 27
90 141 4.4 110 92 0.03 0.9 108 98.4 34.1 27.60! 1.52 1.14 0.75 20.84 15.87 4.12 7.26 26.5
101 141 3.8 107 83 0.2 3 132 98.6 35.58 16.00 1.68 1.4 0.83 22.3 15.32 4.78 8.16 30
103 142 4.2 107 73 0.24 1.7 136 97.9 36.38 15.20 1.76 1.37 0.78 23.39 15.42 4.63 8.45 28
107 140 3.5 104 90 0.23 3.6 120 97.8 41.02 19.55 1.74 1.42 0.81 22.97 15.96 4.19 8.42 27
92 140 4.7 106 101 0.14 1.3 144 97.1 35.34 14.60 1.7 1.32 0.78 22.88 15.4 4.61 8.17 26
99 141 4.7 107 146 0.12 1.2 144 98.2 41 29.75 1.78 1.4 0.78 22.2 16.03 4.29 8.57 26
93 140 4.5 103 178 : 0.16 1 156 97.4 39.27 23.10 : 1-7 1.42 0.83 21.05 15.68 4.5 8.26 30
88 141 4.5 102 ; 191 : 0.19 3.2 132 98.1 43.53 23.50 1.57 1.23 0.78 19.6 16.78 3.55 7.56 29
103 142 3.9 105 : 167 0.28 3
105 141 4.3 107 111 0.31 1.8 152 97.1 52.54 31.71 2.13 1.59 0.75 : 23.84 16.32 3.75 10.15 28
109 141 4.3 108 121 0.2 1.9 148 97.3 52.22 32.00 2.12 1.73 0.81 23.77 16.16 4.09 10.27 26.5
98 140 4.9 105 98 0.15 1 128 98.7 52 32.85 2.16 1.79 0.83 23.85 16.08 4.26 10.51 27
107 140 4.8 108 83 0.1 1.3 128 94.8 52.34 31.50 2.2 1.78 0.81 24.26 16.07 4.22 10.64 26
111 141 4 105 90 ; 0.3 2 140 98.8 46.94 23.90 2.1 1.52 0.73 23.22 15.8 3.98 9.95 25
91 141 ; 5.3 ; 107 106 i 0.04 1.2 128 97.8 42.75 19.60 2.01 1.49 0.74 : 22.29 ; 15.63 4.33 9.58 27
101 140 ! 4 ! 107 I 110 0.23 ! 2 148 98.7 ! 48.9 22.00 2.05 1.56 0.76  ̂ 22.74 16.14 3.96 9.81 27
97 142 : 4.8 104 134 0.21 I 2.4 144 96.5 45.53 21.60 j 2.1 1.56 0.74 23.28 15.54 4.22 10 27
88 141 4.7 104 91 0.14 0.8 132 97.2 39.19 26.55 1.63 1.35 0.83 20.78 16.1 4.27 7.92 26.5
94 141 4.4 106 106 0.17 1.2 136 97.9 40.93 26.80 1.79 1.46 0.82 22.5 15.92 4.41 8.65 27
96 140 3.7 106 98 0.18 1.9 152 97.8 46.97 28.26 1.73 1.47 0.85 21.95 16.51 3.88 8.05 28
102 140 4 105 107 0.23 1.3 152 99 42.19 28.30 1.74 1.31 0.75 22.49 16.22 3.88 8.32 26
T7RH T7BP T7HR T7Core T7VE T7RR T7V02 T7VC02 T7RQ T7V02KG T7%02 T7%C02 T7KCAL T7HCT| T7Hb T7GLU T7Na T7K T7CI
41.97 24.75 1.88 1.64 0.87 21.47 15.53 4.75 9.22 46.3 : 15.80 118 141 4.5 109
60 98.5 55.14 29.05 2.14 1.67 0.78 24.39 16.41 3.73 10.29 45.7 | 16.00 114 139 3.9 | 104
j 96 98.6 ! I i 46.7 16.20 105 138 4.3 102
58 | 767.7 140 99.2 63.69 37.05 2.23 1.78 0.8 25.66 16.76 3.48 10.78 47.9 16.70 116 143 4.3 103
45 760.8 140 97.1 37.82 19.9 1.79 1.45 0.81 22.2 15.34 4.74 8.67 45.4 15.60 98 141 4.7 105
58 : 768.6 136 97.7 41.58 24.35 1.9 1.34 0.71 23.91 15.8 3.99 8.97 46.9 16.30 93 142 3.8 104
52 766 128 97.4 38.63 21.75 1.91 1.39 0.73 23.63 15.28 4.43 9.06 47.3 I 16.40 85 142 4.4 105
52 765.2 148 96.4 40.69 24.15 1.86 1.37 0.74 23.28 15.59 4.2 8.84 46.2 i 16.10 114 141 4 105
30 775.1 164 97.4 45.42 27.5 1.69 1.46 0.86 22.66 16.57 3.88 8.25 45.4 : 16.00 96 145 4.5 107
35 773.4 128 97.9 32.88 25.05 1.58 1.19 0.75 21.4 15.48 4.4 7.55 41.6 ! 14.60 100 141 4.6 107
41 765.2 144 98.8 33.39 | 27.05 1.56 1.13 0.72 21.09 15.62 4.11 7.4 43.1 j 15.20 80 143 4.5 110
42 767.1 120 98.2 33.13 26.16 1.53 1.12 0.73 20.94 15.73 4.11 7.26 40.1 i 14.30 85 141 4.4 109
39 768.3 132 99.1 41.01 20.26 1.74 : 1.43 0.82 23.08 15.89 4.22 8.43 48 | 17.10 106 142 3.6 107
48 767.1 140 97.7 39.56 20.8 1.8 1.46 0.81 23.94 15.58 4.53 8.72 46.2 16.40 102 143 4.3 108
44 768.4 136 97.8 42.13 23.65 1.76 1.35 0.76 23.29 16.06 3.9 8.44 46.1 ; 16.20 107 141 3.6 106
54 766.5 144 96.8 37.17 17.85 1.77 1.36 0.77 23.83 15.46 4.5 8.48 47.3 16.60 100 140 4.6 106
33 772.9 144 98 39.43 29.4 1.71 1.31 0.76 21.32 16.07 . 4.17 8.19 48.4 16.30 99 141 4.6 107
56 774 140 98.9 44.31 22.75 1.7 1.43 0.84 20.79 16.41 3.99 8.26 44.1 15.20 89 140 4.8 105
54 766.3 120 98 46.92 25.7 1.74 1.37 0.79 21.64 16.67 3.63 8.36 48.5 16.40 114 144 5.3 102
! : ; . i' i
50 770.5 152 97.7 51.14 32.14 2.12 1.52 0.71 23.72 16.24 3.64 10.03 42.1 14.80 107 139 4.4 104
55 765.5 136 96.6 52.85 36 2.11 1.64 0.77 23.63 16.22 3.84 10.13 41.2 14.40 110 139 4.1 105
55 770.1 140 97.3 54.25 32.6 2.22 1.77 0.8 24.43 16.26 4.08 10.69 42.8 14.90 104 140 5.1 106
52 764.3 136 95 41.4 14.20 98 142 5.2 108
43 768.3 140 98.3 45.1 15.40 108 145 4.2 105
42 769.5 ; 132 98.1 42.45 21.05 2.04 1.47 0.72 22.59 15.5 4.23 9.66 41.3 14.40 95 141 4.8 107
47 763.1 ! 148 98.8 ! 52.69 21.45 2.22 1.64 0.74 24.63 16.15 3.87 10.58 41.5 14.30 100 141 4 108
60 766.5 148 96.4 j 45.35 24.4 2.03 1.51 0.74 22.53 15.67 4.05 9.68 44.1 15.10 102 141 5.1 105
46 766.2 : 132 97.1 40.85 i 27.5 1.72 1.41 0.82 21.92 16.1 4.28 8.33 43.9 15.50 85 141 4.6 106
52 770.7 140 98.2 39.26 26.9 1.76 1.41 0.8 22.15 15.83 4.47 8.48 41.2 14.40 88 144 4.6 108
53 769 152 97.7 41.45 28.65 1.67 1.35 0.81 21.13 16.14 4.01 8.05 43.6 14.90 109 141 4.1 108
51 765.3 144 97.3 41.35 28.05 1.63 1.2 0.74 20.99 16.43 3.67 7.74 42.2 14.70 106 141 3.8 105
T7TRIG T7FFA : T7LACT T8HR T8Core T8VE T8RR !  T8V02 !  T8VC02! T8RQ !  T8V02KG i T8% 02! T8%C021 T8KCAL T9TempiT9RH T9BP T9HR
119 0.29 1 120 99.45 42.31 23.5 1.93 j 1.67 0.87 22 15.45 4.79 9.43 i 132
147 0.49 1.3 ; :  i :
!
!  :
98 0.53 0.6 i  '  '  |  : !  !  i
117 0.38 1.8 !  ;  ‘  :
76 0.14 1.3 136 97.7 40.43 23.53 1.85 ! 1.51 0.82 22.91 15.52 4.61 8.96 27 46 760.8 140
67 0.3 2.3 140 97.9 41.75 20.65 1.85 I 1.41 0.76 23.34 15.91 4.11 8.86 136
98 0.22 1 138 97.5 40.5 22.45 1.91 ! 1.45 0.75 23.7 15.48 4.39 9.14 I  :
85 0.17 3 160 97.3 40.8 21.85 1.8 ! 1.39 0.77 22.51 15.74 4.24 8.61 ; ] |
274 0.08 3.5 160 98.7 27 30 775.1 176
115 0.04 1.1 128 98.5 43.9 25.9 1.58 1.4 0.89 21.33 16.66 3.93 7.76 25.5 41 772.5 124
176 0.1 1.1 132 98.5 38.97 29.9 1.7 ! 1.34 0.79 22.94 15.9 4.16 8.16 27 46 765 144
94 0.05 0.9 120 98 34.19 24.95 1.56 1.13 0.72 21.38 15.74 4.05 7.4 27 46 767 128
92 0.33 3.3 136 97.9 42.67 21.05 1.8 : 1.49 0.83 23.93 15.89 4.24 8.75 144
80 0.2 1.7 136 97.5 38.56 15.85 1.8 1.42 0.79 23.93 15.45 4.55 8.67 26 45 766.8 152
100 0.48 3 140 97.7 42.12 25.6 1.79 1.38 0.77 23.59 16.01 3.96 8.56
107 0.22 1 156 97.5 38.27 20.8 1.76 1.35 0.77 23.63 15.67 4.34 8.41 152
162 0.19 1.2 140 97.4 45.26 28.6 1.83 1.5 0.82 22.76 16.24 3.99 8.86 148
164 0.18 1.3 152 98.4 36.87 22.65 1.67 1.35 0.81 20.65 15.65 4.43 8.06 29 48 773.4 164
206 0.29 4.4 132 97.5 48.95 25.8 1.67 1.43 0.85 20.8 16.96 3.6 8.16
!  ;  i
126 0.43 1.7 148 97.8 54.54 34.6 2.13 1.59 0.75 23.89 16.46 3.58 10.17 148




108 ; 0.31 1.1 144 97.8 43.14 21.55 2.02 1.49 0.74 22.39 15.63 4.25 9.61 28.5 40 769.3 148
123 ! 0.29 ! 2.1 ! 148 98.6 !
134 0.33 1.3 152 97.2 ' 47.8 28.5 2.01 1.52 0.76 22.25 16.01 3.86 9.59 148
96 0.22 0.9 148 97.7 I 47.62 25.3 1.76 1.54 0.88 22.4 16.66 3.97 8.63 27 46 768 140
104 0.25 1.1 156 98.2 42.44 26.86 1.78 1.5 0.84 22.49 16.03 4.35 8.69 28 50 770.7 148
78 0.22 1.3 148 98.3 43.41 28.75 1.7 1.4 0.82 21.61 16.21 3.89 8.27 160
114 0.26 1.5
T9Core T9VE : T9RR T9V02 T9VC02 T9RQI T9V02KG i T9%02! T9%C02! T9KCAL T9HCT! T9Hb T9GLU T9Na T9K! T9CI i T9TRIGI T9FFA! T9LACT
99.6 ■ ; 47.7 16.40 115 142 4.7 109 119 0.34 1.1
i i ! ! : I ! i !; ! ! | • S !
; : ! I ! i ; ’
97.2 40.23 : 22.58 1.85 1.48 0.8 22.96 15.49 4.55 8.95 47.9 16.40 95 141 4.4 105 94 0.17 1.1
97 45.9 16.00 102 142 3.8 103 65 0.31 3
; : | 46.6 16.20 86 142 4.6 106 93 0.28 1.2
i i : i ! ! 47.6 16.60 98 141 3.9 105 81 0.14 2.4
96.7 45.7 16.30 103 142 3.9 109 258 0.12 3.7
97.7 34.88 27.15 1.59 1.21 0.76 21.53 15.73 4.23 7.61 41 14.70 99 142 4.6 107 117 0.07 0.9
98.6 35.49 : 26.55 1.64 1.21 0.74 22.25 15.64 4.16 7.83 42.2 15.10 82 142 4.5 108 166 0.05 1
98.3 34.68 ; 26.58 1.64 ; 1.12 0.68 22.44 15.74 4.09 7.7 39.5 14.20 80 141 4.4 108 100 0.09 1
98.5 47.8 17.10 123 141 3.7 107 84 0.32 3.4
97.8 39.2 : 24.05 1.78 1.37 0.77 23.61 15.64 4.31 8.52 45.8 16.50 100 143 4.4 108 79 0.28 1.8
45.9 16.30 115 141 3.8 106 96 0.37 2.8
98 41.04 21.65 1.83 ! 1.43 0.78 24.65 15.79 4.31 8.81 47 16.70 105 140 4.8 106 110 0.27 1.4
97.35 49 16.60 100 142 4.6 107 165 0.23 1.4
99.2 42.58 25.68 1.68 1.39 0.82 20.81 16.23 4.08 8.16 47.9 16.40 91 142 4.8 102 154 0.25 1.6
46.8 16.10 124 140 4.2 102 189 0.23 2.4
97.6 43.4 15.20 107 143 4.5 107 111 0.45 2.5
40.6 14.20 121 i 139 4 103 111 0.21 2.2
98.1 42.15 | 20.15 1.99 1.46 0.73 22.1 15.6 4.24 9.47 42.2 14.60 86 142 ; 4.9 107 104 0.33 1.2
: i ! : : I ! i '
97.9 i ! i 42.5 14.70 : 101 141 4.4 106 134 0.4 1.5
97.5 51.11 ■ 31.25 1.79 1.53 i 0.85 22.86 16.88 3.72 8.76 44.7 15.70 84 142 ; 4.4 105 104 0.22 1.3
98.6 41.61 26.95 1.79 1.41 0.78 22.61 15.98 4.18 8.63 41.4 14.50 102 143 4.8 107 117 0.32 1.3
97.6 47.38 29.05 1.71 1.4 0.82 21.63 16.6 3.71 8.27 43 15.10 112 142 4 107 93 0.3 1.6
T10HR T1 OCore T10VE T10RR T10VO2 T10VCO2 T10RQ T10VO2KG i  T10%O2 T10%CO21  T1OKCAL!  T11 Temp T11RH T11BP T11HR T11 Core
i  i I  j  |  i  ;
:  !  I  !  i  I I I
i  '  ■ •  ■
i  ■  i
!  !  ;
160 :  97.2 : 40.46 | 25.74 1.88 1.46 0.78 | 23.29 |  15.49 j  4.45 j  9.03 !  i  !
;  i :  I
;
;  ;  j
i l l !
132 98.4 i  36.7 26.95 1.6 1.26 0.78 i  21.65 , 15.92 4.2 7.7 ! :  132 ;  98.5
144 :  98.7 ;  39.41 i  29 1.71 1.29 0.75 :  23.18 :  15.96 j  4.04 8.18 !  27 51 764.5 ’  148 : 98.6
128 : 98.4 35.23 26.95 1.64 !  1.16 0.71 ! 22.5 ! 15.76 |  4.21 7.76 !  ! 132 98.4
' I  : ;
152 !  99.6 ; ;  :  I  !  :  ;  ■
:  !  i
:  !  :  ^
!  : I  '  !  i  ;
152 i  98.2 37.72 :  22.45 :  1.74 |  1.36 0.78 21.53 I  15.64 : 4.46 8.35 26 40 773.4 180 :  97.9
■ I  :  '  !  !  :
1  I
i  i
: ; j !  |  1
152 99.1
T11VE I T11 RRl T11V02: T11VC02 T11RQ T11V02KG T11 %021 T11 %C02 [ T11KCAL! T11HCTI T11 Hb T11GLU|T11Na T11K T11Gi T11TRIG T11FFA
:  I !  i ! !  ;  |
I I i  i • i | |
i
j  i : ! :
i ■ I
: | ! i  ; i i ! I
; i ; ■ | ! j i i
i I ;
j !  i I i ^
;  j  ; | !  !  : !  i
i  i  i !  ■ 40.8 ' 14.50 111 I  143 4.6 |  108 ! 110 0.09
38.32 j  26.95 ;  1.69 ! 1.32 0.79 22.81 i  15.81 |  4.25 !  8.1 I  42.6 j 15.00 80 I  143 4.5 ;  110 ! 161 0.06
! |  40.1 !  14.10 77 j  143 4.3 107 101 0.13
: :  :  I  !  :  ;  I
!
:  ■ !  !  ;  I  !  :
:
45.13 32.35 1.86 1.36 0.74 23.06 16.2 :  3.73 8.85 48.4 16.40 88 |  143 ;  4.6 104 156 ‘  0.26
1 :  i
;  i
:  1 .  . . 1 . . .  1 .  _  :
!  '  I i  .  i
:  :
!  ;  ;
■
T11LACT PostWt Urine Time A B C D %PV1/3 A B C D %PV3/5 A I B C D %PV5/7
84.5 0 247 93.67 42.90 | 50.77 56.40 ; -9.98 96.34 45.38 50.96 I 54.20 -5.97 103.80 48.06 55.74 52.90 5.37
86.8 0 169 95.45 41.90! 53.55 57.20 -6.38 95.06 44.01 51.05 56.10 -9.01 101.25 46.27 54.98 53.70 2.38
85 0 162 98.05 43.14! 54.91 56.30 -2.47 95.65 44.86 50.79 56.00 -9.30 99.38 46.41 52.97 53.10 -0.24
84.5 0 182 93.04 42.24! 50.80 57.70 -11.96 95.76 45.48 ! 50.27 54.60 -7.93 98.80 47.33 51.48 52.50 -1.95
400 263 97.44 44.33 53.10 55.30 -3.97 99.36 44.71 54.65 54.50 0.27 100.64 ' 45.69 54.95 55.00 -0.09
77.7 450 224 93.75 43.41 50.34 | 56.30 -10.58 96.97 46.25 50.72 53.70 -5.56 101.23 47.48 53.75 52.30 2.78
79.1 0 206 96.23 44.46 51.77 54.90 -5.70 97.55 44.97 52.58 I 53.80 -2.27 99.39 47.01 52.38 53.90 -2.82
78.6 0 216 96.88 44.95 51.93 55.00 -5.59 96.39 45.98 50.41 53.60 -5.95 103.11 1 47.63 55.47 52.30 6.06
72.3 400 243 97.42 42.86 54.55 57.50 -5.12 96.88 43.59 53.28 56.00 -4.85 100.00 45.40 54.60 55.00 -0.73
1 72.9 0 280 98.63 41.13 57.50 58.20 -1.20 98.65 41.04 57.61 58.30 -1.18 101.37 1 42.17 59.20 58.40 1.37
1 72.7 0 296 98.64 41.33 57.31 58.30 -1.70 101.38 41.57 59.81 58.10 2.95 95.39 41.12 54.28 59.00 -8.00
1.6 72.3 0 280 99.29 39.81 59.47 60.90 -2.34 100.00 39.30 60.70 59.90 1.34 97.90 39.26 58.64 60.70 -3.39
74.7 0 229 99.40 48.01 51.39 52.70 -2.49 98.81 47.53 51.28 51.70 -0.81 98.25 47.16 51.09 51.90 -1.57
74 0 256 97.55 45.26 52.28 55.50 -5.79 99.39 45.32 54.07 53.60 0.87 100.00 46.20 53.80 54.40 -1.10
74.5 0 212 99.39 47.31 52.08 53.70 -3.02 102.52 46.23 56.28 52.40 7.41 98.15 45.25 52.90 54.90 -3.64
73.2 0 241 98.19 46.05 52.14 52.80 -1.25 100.00 47.40 52.60 53.10 -0.94 100.00 47.30 52.70 52.60 0.19
78.2 0 217 98.15 46.23 51.92 52.90 -1.85 100.62 47.49 53.13 52.90 0.43 98.77 47.81 50.97 52.80 -3.47
1.5 78.9 0 304 98.73 45.41 53.31 54.30 -1.82 96.91 45.65 51.27 54.00 -5.06 106.58 47.00 59.58 52.90 12.62
79.1 0 216 99.38 46.71 52.67 53.80 -2.10 98.16 47.12 51.04 53.00 -3.69 99.39 48.20 51.19 52.00 -1.57
79.5 : 0 99 96.77 43.84 52.94 56.30 -5.98 97.48 44.16 53.32 54.70 -2.52 #DIV/0! #DIV/0! #DIV/0! 54.70 #DIV/0!
87.3 | 150 218 97.96 41.24 56.72 58.00 -2.21 100.00 . 42.40 57.60 57.90 -0.52 99.32 41.82 57.51 57.60 -0.16
89 200 203 96.45 39.64 56.81 60.10 -5.47 97.24 40.36 56.89 58.90 -3.42 100.69 41.49 59.21 58.50 1.21
87.7 200 180 95.86 39.88 55.98 59.10 -5.27 100.00 42.00 58.00 58.40 -0.68 97.32 41.65 55.66 58.00 -4.03
88.6 0 168 98.55 40.11 58.44 60.20 -2.92 99.28 40.80 58.48 59.30 -1.39 97.89 40.53 57.36 58.90 -2.61
88.6 400 170 95.33 41.28 54.05 57.90 -6.64 99.34 43.31 56.03 56.70 -1.19 98.05 44.22 53.83 56.40 -4.56
89.5 400 239 100.00 41.00 59.00 57.40 2.79 97.95 41.33 56.61 59.00 -4.05 101.39 41.87 59.52 57.80 2.97
88.6 ; 650 ! 191 I 100.00 40.50 59.50 58.60 1.54 : 100.71 40.79 59.93 j 59.50 : 0.71 97.90 40.63 ; 57.27 59.50 -3.74
88 : 550 ; 220 97.92 41.22 56.69 59.20 -4.23 ! 94.74 41.49 ! 53.24 i 57.90 -8.04 100.66 44.39 56.27 56.20 0.12
77.5 0 233 99.32 42.91 56.42 57.70 -2.22 ■ 97.37 43.13 * 54.23 56.80 -4.52 98.06 43.05 55.01 55.70 -1.23
77.3 550 260 92.52 39.23 53.29 60.10 -11.33 100.00 42.90 57.10 57.60 -0.87 102.08 42.06 60.03 57.10 5.12
76.4 500 231 98.66 43.11 55.54 57.80 -3.90 99.33 42.22 57.12 56.30 1.45 100.67 43.89 56.73 57.50 -1.25
76.6 400 185 95.83 39.48 56.35 60.50 -6.86 100.00 42.10 57.90 58.80 -1.53 97.96 41.34 56.62 57.90 -2.21
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1. l / 6 A d % a 0 a V 6 / Z A d % : a 0 a V
VITA
Barry S te v e n  C o h e n  w a s  born  on  O c to b e r  27, 1959  in Q u e e n s ,  N ew  
York. After moving to th e  s u b u rb s  of N ew  York City in 1974, h e  g r a d u a te d  
from Plainview -Old B e th p a g e  High S choo l  a t  th e  a g e  of 16. In high schoo l,  he  
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